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ABSTRACT

A sig n ifica n t part of the reserves of iron ore in A u stralia is fine p articles of hem atite.
A flu idised iron ore reduction plant using FINMET® technology w as installed to add
valu e to these natural resources. The final product is a com pact of highly m etallised
iron fin es called 'h o t briquetted iron' or HBI.

A lthough the process constitutes an ideal w ay of reducing fine p articu lates of iron
ore, there are som e fundam ental issues regarding the agglom eration of the iron
p articu lates during the reduction as well as the consolidation of the b riquettes that
rem ain unresolved. Sp ecifically, the m echanism of consolidation of the p articles into
briquettes, taking

into account the actual ch aracteristics of the particles and

process conditions, have been not been clarified.

The m ain aim of this project is to provide som e basis for a better understanding of
the consolidation process used to form HBI from the reduced iron particles obtained
from FINMET® process. It is expected that the results of th is stu dy would a ssist in
an explanation of the rationale of som e of the com m on problem s presented in the
final product.

The exp erim en tal program in this study concentrated on a sim u lation of briquetting
in a laboratory facility. Sam ples of d irectly reduced iron fines from the fluidised iron
ore reduction

plants were characterised

in term s of th e ir co m p re ssib ility and

breaking resistance. Prepared pow der sam ples w ith controlled com position were
also

com pacted

and

tested

under the

sam e

conditions

to

isolate

influential

variab les.

It w as dem onstrated by the exp erim en tatio n th at increm ents in the am o un t of
carbon present in the particles is detrim ental to the co m p re ssib ility but en hances

the

breaking

resistance.

The

type

of

iron

ore

reduced

also

in flu en ces

the

co m p re ssib ility as it evo lves in d ifferen t types of iron o xide p a rticu la te s at th e end
o f the

reduction. A t the b riquetting tem p eratu re o f 650°C and

in sta n ta n e o u s

com paction, no diffusion can occur. The d ensification o f the ag g reg ate of p a rticle s is
hindered by the presence of harder p articu lates such as cem en tite or h e m a tite
rem nants, low ering the co m p re ssib ility or cap acity to deform p la stica lly and a ch ie ve
certain d en sities under pressure. The strength of the co m pacts is asso ciated w ith
the contact areas developed during pressing and the cap acity of stress tra n sm issio n
between the particles.

It w as also d em onstrated that an increase in the tem p eratu re of co m pactio n
en hances the co m p re ssib ility as well as the breaking resistance. The fin e r p a rticle s
(less than 90 m icrons) are m ore com pressib le than coarser ones. The d e n sity o f the
co m pact has a crucial influence on the resultant strength of the sam ple.

One of the m ost im po rtant co nclu sion s of th is w ork is th at e arly sin te rin g does not
o ccu r under ind ustrial briquetting conditions. The co nsolidation of the p a rticle s is
due m ainly to m echanical interlocking. The m echanical properties of the HBI w ill
d eviate from those specified if alteratio n s are m ade in the co m p o sition o f the fines.
Hence, the physical p aram eters of the rollin g -com p actin g

process have to be

adapted to these co m po sition al v a ria tio n s in order to assu re re p e a ta b ility o f the
m echan ical properties.
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Chapter 1

INTRODUCTION

Fluidised bed tech n olog y appears to be the ideal process for the reduction o f fine
p articu late iron ores. The iron oxide fin es are fed d ire ctly into a train o f reactors,
w hich are supplied co u n ter-cu rren t w ith reform ed natural gas, the end product
being 85% m e ta llic iron. The fresh ly reduced iron fines flow ing from the last
reduction reactor are h ot-com pacted into b riquettes co m m on ly referred to as

'h o t

briquetted iro n 7or HBI.

Eviden t ad van tages such as the fact th at no prior iron ore agglom eration is required
and the good q u a lity of the product, esp ecially in term s of its high degree of
m etallisatio n , m ade the production of HBI by fluidised bed technology an a ttra ctive
process. The iron ore produced in A u stralia consists m ain ly of lum ps and fine
p articu lates of hem atite, hence, the in stallatio n of a production plant based on
flu idised -bed tech n olog y for the reduction of the iron ore fines adds sig n ifica n t
v a lu e to the u tilisatio n of these natural resources (Brent et al, 1999).

D espite the evid en t ad van tag es of the process, there are som e fun dam en tal issues
th a t rem ain u nresolved, sp e cifica lly w ith regard to the ag glom eratio n of the iron
p articu lates during reduction and the consolidation of the particles into briquettes.
S tick in g of p articles (agg lom eration ) inside the reactors as well as d eflu id isatio n of
the flu idised bed itself, are of concern and has caused production d elays in the
identical FINMET® plan ts installed in W estern A u stralia and Venezu ela respectively.

M any

attem p ts

have

been

m ade

to

stu d y

the

problem s

of

stickin g

and

d eflu id isatio n , e ith e r to understand the causes of the problem s or to p revent th e ir
occurrence, and research is contin uing. On the o th er hand, v ery little atten tio n has
been paid to a proper und erstan ding o f the co nsolidation of the p a rticle s into
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briquettes, the specific characteristics of the particles and the pertaining process
conditions. Which are likely to influence the production of high quality briquettes.

Even though the briquetting
considered

process used in the production of HBI may be

as an elemental compacting

process,

briquetting

of reduced

iron

particles has problems and characteristics of its own, different from that of
com m only

used

sintering

techniques.

Compaction

is done at 650°C, alm ost

instantaneously and well below the sintering tem perature of iron. Moreover, the
particles are far from being in its pure m etallic state. They actually consist of a
m ixture of iron compounds such as unreduced oxides and carbides. The size
variability is high, with a range from 6 mm to few microns. Unacceptable quality
problems

have

been

encountered

in

the

FINMET®

plants

resulting

in

the

appearance of defects and inconsistencies in the final product. One of the aim s of
the present study is to attem pt to relate these inherent characteristics of the
briquetting process to the occurrence of defects in the final product.

Apart from the required chemical composition, the briquettes are evaluated by two
mechanical properties: density and impact resistance. Both of these properties
have to surpass specified values imposed by internal and international standards.
Moreover, these values have to be kept consistent in the production process.

It is more specifically the occurrence of inconsistent quality in the course of
production that motivated the research work reported below. Differences in the
briquette density encountered in the two ostensibly sim ilar plants were of concern.
Also the amounts of carbon retained in the final product influenced, w ithout an
obvious reason, the density and impact resistance of the HBI.

In an attem pt to contribute to a better com prehension of the consolidation process
of HBI, a com prehensive and critical literature review was conducted to introduce

2
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and identify concepts, which may play a determ ining role in HBI production, and to
gain a better understanding of the pertaining principles underpinning the sintering
process. In the report below, this review is followed by a brief description of the
background against which this work is done with a synopsis of the experim ental
w ork previously conducted on briquetting, the process and products.

The experim ental work conducted in this study was aimed at sim ulating the
briquetting

process by consolidating

sm all

briquettes in a laboratory facility.

Sam ples of directly reduced iron fines from the FINMET® as well as the FIOR®
plants were characterised in term s of their com pressibility and breaking resistance.
Powder sam ples with a known com position were also compacted and tested under
the sam e conditions to isolate variables that may im pact on consolidation.

It is hoped that the results obtained in the present investigation will help to unravel
som e of the causes of the problem s related with inconsistent density and im pact
resistance in the HBI consolidation process and that the research conclusions will
contribute to the developm ent of im provem ents in the industrial processes.

3
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LITERATURE REVIEW
2.1 I ntroduction
Im p o rtan t reserves of iron ore e xist in the Pilbara region of W estern A u stra lia ,
m o stly as H em atite in lum ps and fines. The recently developed flu idised bed iron
reduction process co m m ercially known as FINMET® Process, w ith Hot Briquetted
Iron (HBI) as product, w as selected by B H P-B illito n as the m ost su itab le tech n iq ue
to reduce the fine particles of iron ore in th is region.

In th is review , attention w ill be paid to the background and exp erim en tal fin d in g s of
hot-briq uetted
processing

iron

w ill

production.

be discussed

R elevant

follow ed

p rinciples

of

D irect

Reduced

by a brief su m m ary of the

Iron

pertaining

th e rm o d yn a m ics and kin etics of iron ore reduction. Specific attention w ill be paid to
the p rin cip les u nderpinning the FINMET® process. Finally fluidised bed reduction
tech n olog y

and

HBI

production

will

be

addressed.

Research

pertaining

to

d eflu id isation and stickin g of p artially reduced particles w ill be discussed and the
fu n d am en tals

of hot com paction

and

strength

ch aracterisation

of com pacted

pow ders w ill receive attention.

2.2 Direct

reduced iron

D irect reduced iron, or DRI, is the m etallic product obtained from the reduction of
iron ore w ith ou t sm elting . DRI m ay be used d ire ctly as feedstock to electric arc
furn aces (EAF) for steel production. V ario u s types of DRI can be produced. The
exact nature of the DRI product depends on the ch aracteristics of the

iron ore and

the reduction process used. D irect reduced iron can be produced in the form of hot
briquetted iron, pellets, lum ps or iron carbide.

5
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2.2.1 Direct reduced iron evolution

By 1950, the availability of reasonably priced electricity and scrap resulted in the
growth of EAF-based m ini-m ills facilities that used scrap (Kopfle, 200 0a). Electricarc furnace steelm aking processes are econom ically viable at lower tonnages than
the traditional blast furnace-BO F steel-m aking route, for example. The EAF-route of
steelm aking is also less capital and labour intensive than the BOF route (Kopfle,
2000b).

The worldwide drive towards electric steelm aking began in the Mexican com pany
"Hojalata y Lámina, S.A."

(Hylsa®) in 1943.

Blast furnace ironm aking is not

economical at sm all-scale production; gas-based direct reduction became the
preferred option.

Hylsa® developed its own technology, then known as HyL I using

fixed bed reactors in a batch process route. The modern era of direct reduction
processing began in 1957 when the first HyL industrial iron ore reduction plant was
built in Monterrey, Mexico.

Another relevant gas reduction process known as MIDREX® was developed in the
United States in 1969, 26 years after the introduction of the HyL® process. In the
MIDREX® process iron ore pellets are reduced in shaft furnaces to produce high
quality directly reduced iron with an iron content in excess of 92% (Midrex
statistics, 2001).

Both gas-based direct reduction processes were proven to be technically and
com m ercially successful and during the 70's, numerous plants were built, m any in
the developing world. Electric-arc furnace production continues to grow due to its
considerable

capital

and

operating

cost

advantages

compared

to

the

blast

furnace/basic oxygen furnace route. Nowadays the Electric-arc furnace has become
a serious com petitor for high quality steel production (Figure 2.1).
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Figure 2.1. Electric-arc furnace evolution. (Fruehan, 1998, p. 10)

In the developing countries, much directly reduced iron capacity was built sim ply to
provide iron units. DRI, produced with inexpensive natural gas or coal, provides an
economical

means of manufacturing the more common types of steel. In the

industrialised countries, demand for DRI and its briquetted form HBI, has been
driven primarily by the drive of mini-mills towards higher quality products requiring
less metallic residuals.

The world production of DRI by 2000 was 43.2 Mt. The remarkable production
growth of DRI over the past num ber of years is shown in Figure 2.2.

Figure 2.2. World DRI production by year. (M idrex statistics 2002, p. 3).
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2.2.2 Direct reduction iron processes

The evolution of direct reduction technology has involved several different concepts
and

experim ental

attem pts.

Most attem pts

econom ically or technically unsuitable.

have

been

abandoned

for

being

However, several processes have been

successfully improved and developed into full-scale com m ercial operations. The
dom inant direct reduction processes used by the year 2000 are presented in Table
2 . 1.
Table 2.1. Major DRI production processes operating in 2000. (Panigrahi, p 99)
Type
Coal based
processes
Rotary kiln
processes
Retort process
Rotary hearth
processes
Gas-based processes
Shaft processes
Fluidised bed
processes

Process

SL/RN
Krupp-CODIR
DRC
ACCAR/OSIL
Kinqlor Metor
Inmetco
FASTMET
MIDREX
HYL process
Purofer
FIOR/FINMET
Iron Carbide
Circored

DRI production data, Figure 2.3, show the Hyl and Midrex processes as the m ajor
DRI production processes currently employed.
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2001 W orld Direct Reduction Capacity Utilization b y Process

MIDREX

HYL IK

Capacity (Mt/y)

25.9

8.8

HYLI
4.8

3.3

1.0

4.2

Production (Mt)

26.8

6.9

1-1

18

0.4

3.4

Utilization (%)

103.8

78.9

23.0

54.7

43.1

81.3

Note; Installed capacity c>s of December 31, 2001.
Production for calendar year 2001.
Excludes plants starting up in 2001.

Figure 2.3. World DRI production by process. (Midrex statistics, 2002, p 2)

2.2.3 Hot briquetted iron (HBI)

Hot briquetted iron (HBI) is a compacted product of directly reduced iron ore.
Created mainly to overcome transportation problems caused by self-ignition of
directly reduced iron powder, the briquettes are agglomerates with low porosity and
"pillow" shape as illustrated in Figure 2.4.

HBI is a dense, uniformly sized, quality metallic raw material for iron and steel
manufacture. It is easy and safe to handle, ship and store.
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Expected mean

Min/Max
E
E

Total Fe

93.2%

91.8%

Metallic Fe

84.0%

83.0%

Carbon
Phosphorous

(as

p,os)

1.4%+/-0.3%

1 . 1%

0.055%

0.060%

Sulphur

0 .012%

0.015%

Total gangue

3.2% approx

3.4%

Fines at 6.3 mm

in

<2%

Typical but not measured
Residuals (Cu, Ni, Sn, Cr)

<0.015%

Bulk density

2.8 g/cm3

Apparent density

>5.0 g/cm:

<

0.010

Figure 2.4. Specification of hot briquetted iron from BH P-Port Hedland plant: Boodarie Iron.
(BHP Billiton-H BI catalogue).

Hot

briquettes

are

produced

by

compressing

directly

reduced

iron

fines

at

temperatures higher than 650°C between counter-rotating rolls with small pockets
carved on their surface. It is important to em phasise that the term 'directly reduced
iron' refers to the solid-state reduction of iron ores, usually by gas, but without
melting the iron or iron ore.
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2.3 T hermodynamics

of the iron ore reduction

2.3.1 Iron oxide system

Iron

oxide

is

usually thought of as the stoichiometric compounds

Magnetite and Wustite,

but in reality, the iron-oxygen system

Hematite,

is much

more

complex. Iron oxide compounds are usually non-stoichiometric, unstable phases
and the exact composition may be temperature dependent, as shown in the Fe-0
phase diagram, Figure 2.5.

Figure 2.5. The Fe-0 equilibrium diagram. (Pelton e ta/, 2000, p 26).

The iron-oxygen diagram
Pure iron exists as a-ferrite (bcc) at room temperature. At 912°C it transforms to yFe or austenite (fee) and then at 1394°C to 5-ferrite (bcc). The melting point of pure
iron is 1538°C.

Hematite

(Fe20 3) is a stoichiometric chemical

compound.

Has a structure

of

hexagonal close-packed oxyanions with iron atoms in two thirds of the octahedral

3 0009 03295309 8
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holes. Known also as Martite, hematite is the most com m only occurring mineral
form of iron.

Magnetite (Fe30 4 or Fe0.Fe20 3) contains both divalent and trivalent iron. It is
alm ost stoichiom etric below 1000°C, while at higher tem peratures it contains more
oxygen in solid solution than stoichiometric. Magnetite has a face centred cubic
crystal structure.
Wustite (FexO) is therm odynam ically unstable below the eutectoid tem perature of
570°C where it decomposes into Fe and Fe30 4. Stoichiom etric wustite FeO in which
all iron is divalent Fe2+, does not exist. Wustite has a cubic crystal structure, with
anion sites occupied by 0 2~ and most cation sites occupied by divalent Fe2+ ions.
Some cation sites are occupied by trivalent Fe+3 ions, with one half the num ber of
cation sites vacant in order to maintain charge neutrality. Therefore FexO may be
written as (Fe3x.22+)(Fe2-2x+3) 0 2~, with (1-x) mol of cation vacancies.

Goethite (Fe+30(0 H )) is another commonly occurring iron ore. The crystal structure
is orthorhombic and it is also known as acicular iron ore due to its characteristic
shape.

Iron ore found in nature may contain silica ( S i0 2) alum ina (Al20 3), lim e (CaO),
magnesia (MgO), fayalite (Fe2S i0 4) and other oxides as gangue. These are not
reduced in com m ercial direct reduction processes and affect the therm odynam ics of
direct reduction only to the extent that they affect the heat balance (Pelton et al,
2000 ).
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2.3.2 Iron oxide reduction by Hydrogen and Carbon m onoxide

Reduction of iron ore in processes using reformed natural gas (m ethane - CH4) as
reductant, occurs both by hydrogen (H2) and carbon m onoxide (CO), as presented
in equations 2.1 to 2.6.
3Fe20 3

+

h2

------- >

2 Fe30 4

+ H20

[2.1]

AG°=-9400-81.4T (J.mol'1)

3Fe20 3

+

CO

------- >

2 Fe30 4

+ co2

[2.2]

AG°=-43000-52T (J.mol'1)

[2.3]

AG°=67800-58.6T (J.mol'1)
AG°=30200-29.2T (J.mol'1)

Hem atite

Magnetite
+

h2

------- >

3 FeO

+

Fe30 4

+

CO

------- >

3 FeO

+

h 2o

[2.4]

FeO

+

h2

------- >

Fe

+

H20

[2.5]

AG°= 16400-8.4T (J.mol'1)

FeO

+

CO

------- >

Fe

+

C02

[2.6]

AG°=-17200+21T (J.mol'1)

Magnetite

rvl

O
u

Fe30 4

W üstite

W ustite

Pure iron

The equilibrium constants (Pco2/Pco) and (P h2o/P h2) are the ratio of partial pressures
at which each reaction is at equilibrium and are coupled at any tem perature by the
gas phase equilibrium constant K (Pelton e ta /, 2000):
CO + H20 = C 0 2 + H2

[2.7]

K= (P co2/P co ))/(P h2o/P h2)

[2.8]

Calculating the Gibbs free energy changes AG°= -RT(Ln K) of each reaction at
different tem peratures it is possible to obtain the stability diagram showing solid
stable Fe-0 phases as a function of the equilibrium gas ratios, Figure 2.6.
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Figure 2.6. Ratios of H20 /H 2 and C 0 2/C 0 in equilibrium from various iron oxide reduction
steps. (Huebbler, 1962, p 34).

The stability areas shown in Figure 2.6 are determined by the ratio of partial
pressures (P co2/ P co ) / ( P h2o/ P h2) and not only by the individual values of pCo and pH2.
This must be borne in mind when considering the effect of dilution by other gases
such as N2.

Pelton et al (2000) asserted that for direct reduction processes employing both CO
and H2, the formation of methane, CH4, can occur by the reaction:

2CO + 2H2 = C 0 2 + CH4

[2.9]

For this reaction, the partial pressure of CH4 at equilibrium can be significant.
Flowever, the formation of methane is slow unless a catalyst is present, but it is
important to realise that DRI can act as catalyst.
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Reduction processes involving CO and C 0 2 (reactions 2.2, 2.4 and 2.6), are also
affected by the Boudouard reaction:

C + C 0 2 = 2CO

AG°= 166500 - 171.IT (J/mol)

[2.10]

shown in Figure 2.7 as equilibrium lines.

I°9 io (P c o 2 / Pco)

Figure 2.7.

Stability diagram showing stable solid Fe-0 phases as a function of the
equilibrium ratio (P C 0 2/P C 0 ). (Pelton, 2000, p 34)

Reduction will not occur to the left of the Boudouard line (Figure 2.7) as CO is
decomposing to C 0 2 and C. The free carbon produced, will diffuse into the iron,
carburising it as explained in the next section.

2.3.3 Carburisation of Iron

Carburisation is a process of diffusion of carbon into iron in the solid state. Carbon
will diffuse into iron (or steel) when the iron is in contact with a carbonaceous solid,
liquid or gaseous medium, provided the activity of carbon in such a phase is high
enough and the carbon content of the iron or steel is below its saturation limit.
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Figure 2.8. Schem atic representation of the mechanism of direct reduction and carburisation
of a grain of hematite by carbon monoxide at 800°C.
(Huebler, 1962 , p 33 and Dippenaar, 2000)

Chemical reactions
Even

if carburisation

is done

by solid

carbonaceous

material,

the

pertaining

reactions are essentially gas phase reactions (Sinha, 1989). If for example, iron or
steel solid samples were to be heated with charcoal (vegetable carbon) in an
enclosed box, the oxygen within the box will react with carbon to form a C 0 2-rich
mixture, which then continues to react with the hot charcoal to liberate CO by the
Boudouard reaction, provided the temperature is high enough.

With increasing temperature the equilibrium is shifted to the right of equation 2.10
and thus a CO-rich gas mixture prevails, see Figure 2.7. The CO then reacts with
the steel, and the cycle of reaction is repeated as follows,
3Fe + 2CO = Fe3C

+ C 0 2, or

3Fe + 2CO = 3Fe + C (in solution in Fe) + C 0 2

[2.11]

[2.12]

Cementite precipitates at the very surface of the steel. Saturated carbon on the
surface continues to dissolve into the iron and diffuses inward. Thus CO acts as the
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carrier of carbon from the carbonaceous material to the steel. Figure 2.9 shows a
carburised iron bar with precipitates of cementite (white seams, top-right), pearlite
(stripped grey) which formed from austenite on cooling, and a core of ferrite not
affected as yet by the diffusion of carbon (white, bottom-left).

Figure 2.9. Optical m icrograph of a carburised iron bar.
Kept at 1000°C in solid carbon for 5 min. Etched in nital 2.5%.
The rate of dissolution of carbon in iron can be increased (Sinha, 1989) by adding
certain carbonates such as B a C 0 3, Na2C 0 3, C a C 0 3 to the carbonaceous material. In
essence, carbonates dissociate into the respective metallic oxides and C 0 2 at the
carburising

temperature.

The C 0 2 liberated,

reacts with the hot charcoal to

produce active CO. The amount of carbon absorption and the effective depth of
carburisation depend on the type of steel, the carbon potential of the carburising
com pound, the temperature and time of carburisation.

In gaseous atmospheres containing CO and C 0 2, the formation of free carbon is
governed by the pertaining temperature and partial pressures of C 0 2/C0. When at
constant temperature the gas composition in Figure 2.10 lies to the left of the
Boudouard equilibrium line, the reaction C + C 0 2 = CO will occur from right to left
with the concom itant deposition of solid carbon and formation of C 0 2. This reaction
will occur until the ratio P C 0 2/PC0 increases to the extent that equilibrium

is

attained.
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DEGREES-C.-

DEGREES -F.
3000

LIQUID
2500
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GNETTTI
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10*

10*

RATIO C02 /C 0

Figure 2.10. Equilibrium of CO 2/CO ratio with the various iron-oxygen and iron-carbon
phases at PC 0 2 + PCO = 1 atm. Also equilibrium ratio of C 0 2/C 0 versus tem perature for the
Boudouard reaction C + C 0 2 = CO. (Huebler, 1962, p 29).

In reduction processes in which CO gas is used as a reductant, the pressure built up
by the formation of CO and C 0 2 is large enough so as to burst the iron layer and
separate it from the wüstite to the extent that the gaseous reduction can continue
(Lu, 2000).

2.4 Kinetics

of iron ore reduction

The solid-state reduction of iron oxides involves reactions of solid and gas phases
separated at an interface. For the reactions to occur at a measurable rate, the
reactants must reach the interface and the reaction products must be able to be
removed from the interface (Huebler, 1962).

Figure 2.11 depicts the cross section of a partially reduced, dense iron ore particle
that

has

been

reduced

by a topochemical

type

of reduction

reaction.

Three

concentric layers surround a core of hematite: an inner layer of magnetite, a layer
of wiistite and an outer layer of porous metallic iron.
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Figure 2.11. Ideal representation of a partially reduced hem atite particle. (Lu, 2000, p 44).

The nature of the reaction system, the contact between the reacting phases and the
nature of the ore determine the way in which the iron ore is reduced. The ease with
which oxygen is removed from iron oxide in the ore by the reducing gases is often
referred to as reducibility. The properties that determine reducibility of ore particles
are size, shape, particle-size distribution, porosity and pore-size distribution, crystal
structure, gangue content and gangue distribution (Lu, 2000).

Reducibility tests conducted as early as 1936 by Joseph on several natural ores
show that the porosity of iron ore particles is one of the most important factors
controlling reducibility. Soft earthy hydrated ores (such as goethite) have the best
reducibility followed

by soft hematites, hard hematites and finally hard dense

magnetites.

Following the

reduction of hematite,

magnetite and wustite (above 570°C)

is

formed before metallic iron is produced. The interplay between interfacial reaction
and solid-state diffusion in wustite determines the mechanism by which nucleation
and growth of metallic iron will occur. Analysing the competition between chemical
reaction and diffusion, Nicolle et al (1979) proposed two extreme cases of iron
nucleation: a) topochemical reaction and b) iron whisker formation, which were
sum m arised by Lu (2000).
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a) Topochemical reaction

When the gas at the gas-solid interface has a high reducing potential, the rate of
chemical reaction is higher than the rate of diffusion of iron in the oxide matrix. The
rate of creation of excess iron atoms in an affected zone is much higher than the
rate of moving these excess iron atoms by diffusion to the interior of the wustite
grain. Hence, a thin zone becomes supersaturated with iron nuclei, which will grow
to overlap and cover the whole surface of the grain. This mechanism accounts for
the topochemical reaction observed in the reduction of dense wustite and especially
in martite.

Iron nuclei on the layer of wüstite
super saturated with iron

Growth of nuclei lead to the
formation of metallic shell

Sponge iron layer formed and
receding iron/wüstite interface

Figure 2.12. Topochemical mechanism of reduction. (Lu, 2000, p 50).

b) Iron whisker formation

When the gas at the reaction site has a very low reducing potential and/or the
wüstite displays high iron diffusivity (caused by the presence of impurities), the
rate of diffusion can be higher than the rate of the topochemical reaction. In this
instance, the ratio Fe/O is essentially the same throughout the reaction zone and
increases as the interfacial reaction proceeds. Eventually, the whole wüstite grain
becomes supersaturated with iron and a nucleus of iron appears on the surface of
the wüstite grain. Excess iron atoms migrates to the nucleus, it grows and forms a
whisker.
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Wüstite super saturated
with iron

Nucléation and growth of
metallic iron and diffusion in
wüstite

Iron whisker formation and
diffusion in wüstite

Figure 2.13. Iron w hisker form ation m echanism s. (Lu, 2000 p 50).

If the reducing gas contains carbon monoxide and/or methane, there is a distinct
possibility that carbon may be deposited on the freshly formed iron and hence, the
iron can be carburised. Depending on temperature and the extent of carburisation,
a complex mixture of ferrite, austenite and perhaps even cementite can form,
Huebler (1962). Figure 2.14 shows the iron-carbon equilibrium diagram, displaying
the phases which may from at a given temperature and carbon content.

Figure 2.14. Iron-carbon equilibrium diagram . (Georgia tech web site).
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2.5 Production

of HBI by the FINMET® process

FINMET® is a fluidised bed iron ore reduction process based on the patented FIOR®
process (fluidised iron ore reduction). In the FINMET®
is

produced

without the

need

process Hot Briquetted Iron

of prior ore agglomeration.

This

process

was

developed as a potential solution for the reduction of iron ore fines less than 12 mm
in size that cannot be reduced by any other process without prior agglomeration or
pelletisation.

Two FINMET® plants have been installed. The first, the Port Hedland plant in
Western Australia with two million tonne per annum nominal capacity, produced its
first briquettes in February 1999 (Brent et al, 1999). The second, the Orinoco Iron
plant in Puerto Ordaz, Venezuela, with 2.2 million ton per annum capacity, has
been in operation since May 2000.

2.5.1 FINMET principles

The FINMET process flow sheet is schematically illustrated
process

may

best

be explained

by following

the

solids

in Figure 2.5. The
and

the

respectively.

Figure 2.15. FINMET® process flowchart. (Brent et al, 1999, p 112).
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Solids route
Dried iron ore fines, less than 12 mm in size enter the topm ost reactor, R4, and are
preheated by gas from the reactor R3. In this preheating step hem atite is reduced
to m agnetite follow ing dehydration and decrepitation (Brent et at, 1999). The
partially reduced ore is transferred via standpipes to the next reactor in the series.
The whole reactor system is operated under a pressure between 11 and 13 bar.

The process continues with progressive reduction in each reactor until the desired
degree of m etallisation is achieved. The iron ore is reduced from hem atite to
m agnetite, then from m agnetite to w ustite and finally highly m etallised iron is
obtained in reactor R l. The tem perature in the last reactor in line ( R l) is in the
range 780-800°C and a final reduction to 93 per cent m etallisation (Brent et al,
1999) is accom panied by carburisation of some of the pure iron.

Hot Direct Reduced Iron fines (DRI) are discharged from the final reactor and
briquetted at tem peratures higher than 550°C in a double-roll briquetting m achine
to densities higher than 5 g/cm 3 (target density). The product of this process is
called Hot Briquetted Iron (HBI).

Gas route
The required reducing gases (H2 and CO) are supplied from a m ixture of recycled
top gas and fresh reformed m akeup gas provided by a catalytic converter. The
system is designed in such a way that the higher hydrocarbons are com pletely
cracked. Excess C 0 2 is removed from the gas stream and the gas com position is
exactly adjusted according to the process requirem ents.

23

Chapter 2 - literature R eview

Innovations to the FIOR® process used in FINMET®
Solids build-up in the FIOR® cyclones had been the major cause of plant downtime
during its almost 30 years of production operations. The operating time of the
reactor cyclones has been limited by the formation of solid accretions on the reactor
and standpipes walls. Voest-Alpine Industrieanlagenbau (VAI) designed a new type
of reactor to implement in the FINMET® process (Figure 2.16) in an attempt to
minimize agglomeration in standpipes and nozzles (Flassan et at, 1995).

Figure 2.16. FINMET® reactor. (VAI web-site)
Other modifications made to the existing FIOR® process design include preheating
of the ore by the top gas, C 0 2 removal of reformed and recycled gas, improved
solid transfer lines and recycling of fine material. The objective of the FINMET®
process development was to capitalise on the experience and process principles of
the FIOR® process and create a new, improved process that would be energy
efficient and ensured increased plant availability (Hassan et at, 1995).
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2.6 Fluidised

bed reduction and

Hot Briquetting

issues

D efluidisation and sticking of particles in the reactors occur when high m etallisation
levels are achieved. A sum m ary of the hypotheses developed to explain these
phenomena is presented below. With respect to briquetting, the m echanism of hot
com paction and briquetting technology principles are discussed. Attention is paid to
methods that can

be used to characterise briquettes strength, specially the

diam etrical com pression test is discussed in detail.

2.6.1 Iron defluidisation fundam entals

"Sticking of particles in the fluidised bed reduction of iron at tem peratures above
650°C will occur w henever clean iron surfaces im pinge" assert Gransden and
Sheasby, (1974) in their study of the sticking problem in the FIOR® process, at the
tim e the largest fluidised-bed iron ore reduction process in operation.

Gransden eta! (1974) proposed that defluidisation is associated with the nucleation
and growth of iron nodules protruding from the surfaces of particles.

They

observed the form ation of iron whiskers in chem ically cleaned particles reduced at
680°C, and concluded that at tem peratures below 710°C the iron does not stick
because it is covered by a "dirt film " of im purities that im pedes the growth of iron
nodules on the surface. The first attem pts to prevent sticking were therefore based
on coating the ore particles with foregoing m aterial such as silica, to promote the
nucleation and growth of iron in a topochem ical fashion.

The more recent work of Hayashi and Iguchi (1992) on different ore types
dem onstrated that sticking and defluidisation depend strongly on the type of ore
being reduced. When ores are reduced in N2-H2 m ixtures around 900°C in a
fluidised bed, sticking is associated with the appearance of w hiskers, depending
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upon tem perature, sulphur activity in the gas phase and the type of reducing gas
(Hagashi etal, 1992).

Defluidisation of iron ores fines
Typical com positions of iron ores from Mt Newman, Australia (used in FINMET® Port
Hedland plant) and San Isidro, Venezuela (used in FINMET® Orinoco Iron plant) are
presented in Table 2.2 showing the most relevant constituents.

Table 2.2. Chemical constituents of the iron ores from Australia and Venezuela.
(Provided by BHP-Billiton Newcastle technology centre)
Name

T Fe

SÍO2

AI2 O3

MqO

s

k 2o

Main mineral phases

Mt. Newman
San Isidro

65.6
67.2

3.7
0.99

1.95
0.55

0.1
0.01

0.015
0.0071

0.02
0.005

Hematite
Hematite and goethite

Hagashi (1992) demonstrated that iron ore from San Isidro tend to defluidise at
m etallisation as low as 30% during the first 5 min of reduction at 900°C. The ores
from

Mt.

Newman exhibited

marked defluidisation

behaviour at m etallisation

greater than 50% during the first 7 min of reduction.

Analysis of reduced iron ores from San Isidro by scanning electron m icroscope
proved that iron nodules formed on the surface (Hagashi et al, 1992) providing
evidence in support of the Gransden et al (1974) theory. On the other hand, the
ores from Mt. Newman, according to Hagashi et al (1992), defluidise even in the
absence of the formation of nodular iron on the ore surface. In order to explain this
contradiction to the Gransden theory of whisker iron contact they suggested that
the surface energy of the reduced iron is a factor that influences sticking behaviour.

Mikami et at (1996) proposed the form ation of solid bridges between particles, neck
growth or sintering as the most probable cause of the inter-particle cohesion. Neck
growth by a surface diffusion m echanism proceeds logarithm ically as shown in
Figure 2.17. Hence, the neck diam eter grows to a m easurable size in a very short
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time. He asserts that even in a fluidised bed, where particles are intermittently
mixed, each particle has sufficient contact time to form a sintered neck. Once
sintering has started, the necks keep growing and the cohesion force increases
continuously.

Figure 2.17. Neck growth by surface diffusion m echanism. ( Mikami et al, 1996, p 232).

Mikami also calculated the cohesion force of the neck between particles (F) from
the tensile strength (St) obtained by diametral compression test on compacted
particles of diam eter dp. In equation 2.13, A is a constant depending on the way in
which particles are compacted,
F = St dp2 / A

[2.13]

Sintering mechanisms
When

a metal

powder aggregate

particles

thereby

increasing

diffusion

phenomenon

is heated, diffusion will occur between the

the density and

is known as sintering.

strength

of the

Necks form

aggregate.

This

between the powder

particles and at least six distinguishable mechanisms contribute to neck growth and
to densification (Ashby, 1974). The six mechanisms have a common driving force:
the reduction in surface area, and thus the surface free energy of the system.
These m echanism s are summarised in Table 2.3

27

C h a p t e r 2 - L it e r a t u r e R e v i e w

Table 2.3 Sintering m echanism s (Ashby, 1974)
Mechanism
No.
1
2
3
4
5
6

Transport path

Source of m atter

Sink of m atter

Surface diffusion
Lattice diffusion
Vapour transport
Boundary diffusion
Lattice diffusion
Lattice diffusion

Surface
Surface
Surface
Grain boundary
Grain boundary
Dislocations

Neck
Neck
Neck
Neck
Neck
Neck

The sum of the six (or more) contributions represents the neck growth-rate (or
sintering rate). Figure 2.18 shows schematically the mechanisms of sintering in two
ideal particles.

PATH 2'. L A T T IC E

DIFF.

PATH 5; L A T T IC E D IF F
PATH I : — ¡3*

1

SURFACE O F F

' PATH 3 
:V A P O R AT ION

1 PATH 4 : BOUNDARY DIFF.

PATH 6- L A T T IC E

DIFF.

Figure 2.18. Mechanism of sintering (Swinkels e t a l, 1981, p 259).
Ashby (1974) introduced the sintering diagram concept, an example of which is
shown in Figure 2.19 for pure iron. These diagrams are derived by analysing the
rate of neck growth as a function of temperature and time. In the derivation of
these diagrams, the sintering mechanisms delineated in Table 2.3 are taken into
account.
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Figure 2.19. Iron sintering diagram . (Jernot e t a l, 1982b, p. 818).
In figure 2.19 the axes are Log x/a and T/Tf, where x/a is the 'relative neck size' or
ratio between neck radius and particle radius. T/Tf is the 'hom ologous temperature'
or ratio between testing temperature and melting temperature of the material.

The

validity

of the

sintering

diagram

has

been

confirmed

by experimentally

determining the surface diffusion rate of the material or alternatively the growth
rate of the neck between two particles.

Surface diffusion in iron
Blakely and Mykura (1963) made the first self-surface diffusion m easurem ents in
iron. They used three types of measuring techniques to determine the most suitable
method: (a) the growth of grain boundary grooves, (b) the smoothing of single
scratches and (c) the smoothing of sets of closely spaced parallel scratches. In
these

experim ents

they

measured

the surface

diffusion

rate

in a-iron,

using

successive experim ents of heating and cooling the same iron crystal. They were not
able to make quantitative m easurements of the surface diffusion in y-iron.
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Pranatis et al, 1958 and Matsumura, 1971 developed a technique in which they
sintered

wires together in an attempt to determine the surface self-diffusion

coefficients and the activation energy for diffusion in a and y-irons. By measuring
the neck growth between the wire diameters they were able to calculate the
coefficients using Kuszynski's (1949) equations. The results of these experiments
are presented in Figure 2.20.

The transition line observed in Figure 2.20 corresponds to the phase transformation
from a-iron to y-iron at 903°C. The surface diffusion coefficient suddenly drops
when the crystallographic phase transforms from a body-centred to face-centred
cubic crystal structure.

Figure 2.20. Surface diffusion coefficients of iron obtained by the sintering m ethod and by
grain boundary groove or scratch techniques. (Matsum ura, 1971, p 853).

Numerous studies have been conducted to develop solid state sintering theories
(Johnson, 1981; Ristic, 1981; Coblenz, 1979). Recent discussions of the relevance
of these studies to surface diffusion and sintering modelling, concluded that the
contemporary
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mainly

represents

refinement

of

the

classic
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assum ptions (Kuszynski, 1949; Ashby, 1974). The study of the kinetics of sintering
in real m aterials is based in the phenom enological description of the m acro-changes
occurring during the process itself (Ristic, 1981). Interpretation of the results
obtained by experim ental investigation of the sintering in real m aterials is very
often sim plified to the extent that poly-dispersed powder is presented as a system
of ideal spheres of the sam e size. It has not been possible as yet, to predict the
behaviour of a sintered m aterial in term s of mechanical and m etallurgical properties
based on sintering models.

In recent years, the tendency in sintering modelling has been the developm ent of
com puter-based sim ulation models (Philippou, 1995; Svoboda eta/, 1995, Jernot et
a/, 1982a). These m odels are based on the theories and sim plified ideal situations.

2.6.2 Principles of hot com paction

The principles used for com pacting

powder are based on powder m etallurgy

techniques. In powder m etallurgy pressure and heat are applied to com pact
powders and obtain useful articles. Heat treatm ent (sintering) is performed at som e
tem perature below the m elting point of the main constituent in the powder com pact
in order to achieve the m axim um density and strength.

In its sim plest form, powder m etallurgy techniques consist of pressing the powders
to form a coherent m ass (green com pacts) followed by heating the resulting
com pact (sintering).

The m ajor processes by which powders are compacted by the application of
external forces are:
•

Pressing the powder in rigid dies

•

Isostatic pressing of powders in flexible envelops
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•

Roll compacting of powders into sheets or strips

•

Extrusion of metal powder products

Powder consolidation
Hewitt et at (1974) described three stages of powder consolidation while under
compression. In the first stage, powder particles are restacked or rearranged in the
confined space leading to point contact. The second stage involves elastic and
plastic deformation of the particles, producing convoluted and interlocking particle
boundaries. The extent of plastic deformation depends on the ductility of the
powder. In the third stage, bulk plastic flow of the compact occurs when the contact
areas between particles are large enough to distribute the pressure within the
compact, causing gradual decrease in pore size. These three stages usually overlap.

The

compressibility

curve

for

compacted

powders

expresses

the

relationship

between the applied pressure and the density of the compact in the 'green' or
sintered state. The density is commonly expressed as relative density 'D' (the ratio
between the real density and the theoretical density of the powder compact). As an
illustration, the compressibility curve for iron powder at room temperature is shown
in Figure 2.21

Figure 2.21. Com pactibility curve for iron powder at room tem perature.
(Hewitt e ta /, 1974, p 2)
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Hewitt et a! (1974) conducted experim ents with atom ised iron particles (soft and
ductile) and high-strength nickel-alloy particles (hard and brittle) and concluded
that plastic deform ation occurs throughout the powder com paction process. Plastic
deform ation occurs even in the first stage of densification and it may be essential to
densification, but it does not necessarily lead to the consolidation of particles.

For atom ised iron powder, Hewitt et al (1974) suggested that consolidation is
promoted by the presence of porous fines, which deform quite readily and appear
to bind the larger particles together. In addition, irregular particle shapes causes
asym m etrical loading

between

particles, creating shear stresses, inter-particle

sliding, and consequently frictional welding of freshly exposed surfaces. Green
strength is therefore developed by a com bination of m echanical interlocking and
frictional welding.

Powder hot-pressing models
In

hot

pressing,

pressure

and

heat are applied

sim ultaneously

rather than

sequentially as in conventional powder m etallurgy processing. Pressure is applied
statically or dynam ically to the heated powder in one or two opposing directions
along a single axis or from all sides. A controlled atm osphere is required to protect
the hot powders or pre-pressed com pacts from oxidation. Sintering is believed to
occur to a lesser extent than in the two-step conventional process, but the heat
applied increases the plasticity of the metal particles being deformed by the
pressure and a highly dense product is obtained.

Efforts have been made to model hot pressing powder densification. Artz, Ashby
and Easterling (1983) developed the sintering diagram s applicable to H ot-Isostatic
Pressing (HIP) processes. In these diagram s, the pressing of an arrange of particles
is m athem atically modelled addressing the different m echanism s involved in the
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consolidation

process. The

relationship

between

applied

pressure and

relative

density at constant temperature (or homologous temperature (T/Tm) and density
at

constant

pressures)

are

displayed

in

these

diagrams.

The

HIP diagrams

developed were validated experimentally and provide a map to determine the
progression of the hot-compaction process. An example of the map for tool steel is
shown in Figure 2.22.
PRESSURE, MN/m2

Figure 2.22. HIP consolidation map for tool steel. (Helle, 1985, p 2170).

Three fundamental mechanisms are involved in the consolidation (Artz eta/, 1983),
plastic yielding, creep and diffusion. The dark lines in the diagram represent the
limits of each mechanism.

In the yield stage the particles are plastically deformed

under the action of pressure, until they reach a certain density. The maximum
density obtained by instantaneous pressing is limited by the characteristics of the
material and corresponds to the boundary line between the yield and creep regions.
Creep and diffusion are temperature as well as time dependent m echanism s. At
constant applied pressure on the agglomerate of particles, increments in density
will depend on the occurrence of further plastic deformation by creep and mass
transport by diffusion.
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Helle,

Easterling

and

Ashby

in

1985,

improved

the

equations

describing

densification by plastic yielding in hot isostatic pressing. The lim it of densification of
a com pact by pure yielding is given by the equation:

Dyieid=( ( l- D 0)P/1.3Oy + Do3) 1/3

[2.14]

for relative densities lower than 0.9. Where Dyieid is the relative density reached by
the arrange of particulates under instantaneous pressing, D0 is the m inim um
relative density for particles loosely packed, P is the applied pressure and a y is the
yield strength of the particles.

At relative densities above 0.9, the particles are no longer spherical but the shape
of individual particles resem bles more closely a polyhedron. This im plies that
particles are no longer in point contact but over a much larger area. This means
that when a force is applied to the compact, yielding of individual particles will not
occur and the applied force will be transferred from one particle to the other so that
the com pact approaches bulk deform ation behaviour. In this instance, further
plastic deform ation is calculated by the yield of a thin spherical shell surrounding
each pore. The equation for D>0.9 is expressed as,

Dyieid= 1- e xp (-3 P /2 a y)

[2.15]

The hot isostatic pressing diagram s can be extended to uniaxial pressing m odelling
by considering the influences of wall friction and uneven pressure upon the final
density of the compact.
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However, the HIP diagram s cannot, as yet, model the consolidation of com bined
types of powders. Some efforts have been made towards the modelling of the
consolidation of composites and the m ajor attem pts are summarised below.

Consolidation of composites
Turner and Ashby (1996) used a combination of soft material as a m atrix and hard
particles as fibres to develop models for composites densification. They defined a
hardening parameter as the relation between the consolidation pressure of a
composite powder and the pressure required to consolidate the m atrix powder to
the same density. The harder particles make densification more difficult in direct
proportion to their volume fraction, while size and aspect ratio may also influence
the process of densification.

Turner et a/ (1996) proposed that the presence of hard particles m ight affect
densification of rigid-plastic composite powders in two different ways:

1)

A network of rigid particles supports a substantial portion of the applied
stress,

reducing

the

pressure

on the

plastic

m atrix

and

hindering

densification.
2)

Since there are fewer particles deforming in com posite powders, the
plastic particles must deform more severely to achieve a given am ount of
densification, and this severe deformation requires higher pressures.

Briquetting
Briquettes are produced in double roll presses in which particulate m aterial is
compacted

by

being

squeezed

between

two

counter-current

rotating

rollers.

Pockets or indentations, which have been cut into the working surfaces of the
rollers, form the briquettes or com pacts as shown in Figure 2.23.
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Figure 2.23. Double-roll briquetting.

Particulate material is fed into the rotating rolls by gravity or by a force-fed system
and the friction between material and roll surface. Adjustable tongues perform feed
control and simple rotating devices mounted on top of the press achieve effective
distribution of material across the width of the roller.

In the case of briquetting, the gap between the rollers approaches zero and the
pockets, which are cut into the roller surface, define the briquette shape.

The sequence of the briquette formation is illustrated in figure 2.24. The powder
compaction starts when the pocket upper edge is open and connected with the feed
in the nip while the lower edge is closed. Immediately following this condition, the
formerly closed lower edge of the pocket opens while the upper edge closes and
briquette formation

is completed. As the lower edge of the pocket opens, an

extracting force acts vertically to the line connecting the roller centres assisting in
the release of the briquette from the pocket.

37

C h a p t e r 2 - L it e r a t u r e R e v i e w

Figure 2.24. Briquetting between two counter-currently rotating rollers.
(Pietsch, 1997, p 348)

Pietsch

(1997)

concluded

that

much

of the

knowledge

related

to

roll-press

compaction is still phenomenological in character as it is not possible as yet to rely
on a comprehensive theory of densification of particulate matter between rollers.
Some of the common defects that can be found in briquettes are listed in Table 2.4.

Table 2.4. Common defects in briquettes. Adapted from Pietsch (1997)
D efect

Flashing or web

Clam -shelling

Uneven density
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D escription

Narrow, broken band of material
around the plane dividing the two
briquette halves

Compacts open up along the plane
of pocket contact.
In most cases this opening occurs
at the upper edge

Varying density of the com pact

P o ssible cau se

- Rollers are not in contact during
operation

It can be due to:
- Upper
edge
subjected
to
excessive pressure from the
feed
- Splits
caused
for
elastic
expansion of the m aterial and
air entrapm ent
- Breaking away of the flash.
- Too high a rolling speed
- Adhesion between m aterial and
rollers surface
- Fleterogeneous com bination of
m aterials
- Too high a rolling speed
- Surface deform ation in the rolls
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2.6.3

Strength evaluation on com pacted powders

Briquettes strength
In production lines the strength of HBI briquettes is determ ined by using a tum ble
test (BHP, technical update May 1997). 15 Kg of briquettes are introduced into a
tum ble test drum lm in diam eter and rotated 200 times. The percentage of coarse
particles (> 6.35 mm) and dust (< 0.5 mm) rem aining after the test are the values
reported. Hence, real strength values are not obtained and the test is rather a
measure of the losses by im pact and abrasion.

Dukino (1999) used a bending test to measure briquette strength. The com plex
geom etry, uneven com position and brittle character of the briquette do not allow a
proper analysis of the stresses involved and hence, repeatability cannot be assured.

The strength of brittle m aterials is more severely influenced by uncontrolled testing
variables than is the case of ductile m aterials (Fahad, 1996). They have little or no
capacity to flow plastically and the strength should be described statistically.
Fracture in brittle m aterials is believed to occur when the applied stress at the tip of
a flaw exceeds a critical lim it, causing crack propagation.

In a brittle specim en,

these flaw s are random ly orientated, and it is a m atter of flaw orientation and
probability for crack propagation to occur. Normal tensile specim ens are difficult to
obtain from brittle m aterial and it is very difficult to perform reliable tensile tests.
Moreover,

m isalignm ents

(that can

be corrected

in ductile

m aterials)

add

a

bending-stress com ponent that can seriously lower the measured tensile strength
of brittle m aterials. Attem pts to use bend tests for the determ ination of brittle
m aterials properties have also been unsuccessful. The stress distribution developed
is non-uniform , varying from zero at the neutral axis to a m axim um at the outer
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surface

(Fahad,

1996).

This accentuates the

effect of surface condition

on

measured strength.

Diametral Compression Test
The Diametral Compression Test, also known as the Brazilian test or indirect tensile
test, provides an experim entally sim ple method for measuring tensile strength in
brittle m aterials (Rudnick et al, 1963). Strength measured in sintered m aterials
represents the cohesion force that exists in the necks formed between particles.
The extent of sintering can be determined by this technique (Mikami et al, 1996).
This test is based on the principle that tensile stresses are developed when a
circular disc

is

compressed

between

two

diam etrically

opposed

forces.

The

maximum tensile stress is perpendicular to the loading direction and is proportional
to the applied load.

The Diametral Compression Test (DCT) has been used successfully in the ceram ic
industry and it is specifically used to test the strength of concrete sam ples. It is
also used in the pharmaceutical industry for testing the strength of com pacted
tablets. However there is still some controversy surrounding the DCT test and its
evaluation, but has been proved experim entally in a variety of m aterials and
accepted as an appropriate technique for testing compacted powders (Fahad, 1996;
Newton et al, 2000; Rudnick et al, 1963).

Principles of the Diametral Compression Test

The ideal loading generated by the compression of a cylinder is shown in Figure
2.26. The loading produces a biaxial stress distribution within the specim en.
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Figure 2.26. Stress distribution across loaded diam eter for a cylinder com pressed
between two line loads. (Rudnick e ta /, 1963, p 284).
The stresses at any point in a cross-section can be calculated by

elastic theory

(Fahad, 1996). The maximum tensile stresses which act across the loaded diameter
(AB in Figure 2.26) is constant:

o= 2P/7iDt

[2-16]

Where, a: maximum tensile stress, P: applied load, D: specimen diameter and t:
specimen thickness.
Fracture has to be initiated by these tensile stresses if the test is to yield useful
results.

Modes of failure
Rudnik et at (1963) demonstrated that the stress distribution near the centre is
virtually unaffected by the change in load distribution. Near the ends of AB (see
Figure

2.26),

however,

Ci

becomes

com pressive,

while

the

previously

high

com pressive values of a 2 are considerably reduced. As a consequence of the effects
of a punctual load distribution on the principal stresses Oi and o 2, the m aximum
shear stress acting

across AB becomes finite at all points and

it reaches

its
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maximum value beneath the surface. This condition approaches that of ideal line
contact, and fracture may initiate in shear or compression rather than in tension.
Finally

Rudnik et at conclude that a proper load distribution

is essential for

successful use of the DCT.

Methods of controlling the load distribution have been described by Rudnick et al
(1963) and Fahad (1996) and include the use of pads manufactured from material
more

ductile

and

softer

than

the

sample

and

testing

machine

punches.

Alternatively, flat surfaces may be machined on the samples. Figure 2.27 shows the
three common fracture modes that may be obtained with the test. Figure 2.27a
displays the desired normal tensile failure, Figure 2.27b shows a type of failure
known as "triple-cleft" failure and Figure 2.27c represents a shear type failure
where the failure intersects the loaded diameter at an angle.

Figure 2.27. Fracture modes that can be obtained in a diam etral com pression test.
(Fahad, 1996, p 3727).

2.7 Conclusions
Fluidised bed reduction appears to be the ideal method for the reduction of fine iron
ores, producing a highly metallised product in one single process. Only one small
plant in the world (FIOR) used this technology to produce 400 kt/a of HBI for
almost 30 years. Defluidisation and sticking of material in the reactors were a
major issue in the "pilot plant". It was not possible to eliminate defluidisation
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com pletely, even with m ajor design im provem ents and the creation of a new design
concept called FINMET®.

The reasons why defluidisation and sticking of reduced iron ore occur at relatively
low tem peratures (700°C) remain unresolved. Several studies have been conducted
in

an

attem pt

to

prevent

defluidisation

or

to

gain

a

better

fundam ental

understanding. By contrast, the com pacting and consolidation of particles into HBI
(produced by the reduction process) with its unique characteristics and pressing
conditions is scarcely mentioned and the factors affecting successful com paction
have not been analysed in any detail.

Powder com paction and sintering concepts are generally devoted to obtaining
highly dense m aterials. For the cases of HBI, where the feedstock is a com bination
of m aterials, sizes and shapes and the tem perature of com paction is lower than half
that of the m elting point, there are no theories or m echanism s of consolidation that
can be applied or adapted to the conditions pertaining to HBI production.

The main aim of the current project is to gain a better understanding of HBI
production from the fluidised bed processes to compaction. It is believed that an
experim ental study of optim al briquetting conditions will aid in the design of
process conditions to produce briquettes of high quality.
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BACKGROUND
3.1 I ntroduction
T his chapter is designed to give som e background to experiences obtained in the
production of fluidised bed direct reduced iron: DRI and briquettes. Although the
em phasis in the present project was on the determ ination of briquettes properties it
is not possible to separate DRI production details from briquette com paction.

3.1 FINMET® PROBLEMS
Although design m odifications were applied to the reactors in the FINMET® process,
the sticking and defluidisation problem s that occurred in the form er FIOR® process
were still prevalent. Following severe problem s with efficient reduction of the
availab le iron ores, the original FINMET® design was modified, specifically by
m aking changes in reactor 4 and the preheating system . After im plem entation of a
w ater injection system in reactor 4 (June 2000 in Port Hedland), the sticking
problem was reduced significantly. Not w ithstanding this m odification, sticking may
still occur in reactor 2, the standpipes connecting reactors 2 and 1 and in reactor 1.

Industrial operation

perm its the control of the param eters:

gas tem perature,

pressure and gas flow to avoid defluidisation, but accretions still occur. Sticking can
be m inim ised in practice by lowering the tem perature in reactor 2 to less than
750°C, and by occasionally flushing with a stream of gas to rem ove the freshly
form ed accretions (conversations with technical personnel in Orinoco Iron plant,
Dec. 2001). Another m eans to control sticking is by the addition of m agnesia (MgO)
fines into reactor 1. Magnesia is proved to act as an inhibitor of the sticking, but no
satisfacto ry explanation for the effectiveness of m agnesia to prevent sticking is
known as yet (O'Dea, 1997)
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Besides the sticking of particles inside the reactors, the briquettes do not always
attain the required properties. Densities lower than the target value (5 g.cm )
together with low im pact resistance are the main problem s encountered. Product
data as well as laboratory experim ents have shown that the required m echanical
properties of the product are not always obtained. Differences between Orinoco
Iron

and

Port

Hedland

briquettes

properties,

differences

between

briquettes

compressed in the centre and edge pockets, the influence of carbon content on
com pressibility

and

strength,

are

some

of the

specific

problems

that

are

encountered in the production process.

3.2 Findings

on

HBI

The next few paragraphs constitute a brief chronological sum m ary of the relevant
research conducted on HBI produced by FINMET® process. Most of the w ork
referred to was conducted at the BHP-Billiton Newcastle technology centre and
reports are not available in the open literature.

In 1995 the company Köppern - specialising in briquetting m achines- evaluated DRI
produced

by the FIOR process using

Mt.

Newman

(Australia)

fine ores.

By

compressing the DRI so produced in a die-piston facility, they determ ined the m ain
compacting properties. By this method the DRI produced was classified in the "good
briquettability"

category,

showing

a

tendency

tow ards

the

"m oderate

briquettability" category at com pacting tem peratures low er than 800°C. Those
categories were obtained from a sponge iron properties database prepared for the
Köppern company. The crushing test they made on com pacted sam ples prepared at
200Mpa and a tem perature of 800°C, showed that the Mt. Newm an sam ples also
displayed lower strength (405 MPa) than other reduced ores (428 to 700 MPa).
Köppern recommended the com parison of other reduced ores using the sam e
testing technique.
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Dukino

(1999), from

strength,

fracture

BHP-Billiton

toughness

and

Newcastle technology centre, com pared the
elastic

m odulus

of FIOR®

briquettes

with

Venprecar® briquettes (pellet based). He found evidence that fracture toughness is
strongly related to briquette density, suggesting that the briquetting pressure is
critical to strength. He observed that the crack path during fracture propagated
through the Fe3C-Fe interface, suggesting that the iron carbide bonded poorly with
iron and that this can have a deleterious effect on strength. He also suggests that
the MgO added to the fluidised bed in reactor 1, can have a negative im pact on
briquette strength. Dukino was able to observe MgO on the fracture surfaces of the
briquettes either as discrete particles or as a finely dispersed phase on the surface
of iron particles.

In April 2000, Honeyands - also from BHP-Billiton Newcastle technology centre sum m arized the results obtained by a research group from the U niversity of New
South Wales. In their research, DRI (Port Hedland) particles were com pacted at
700°C for 15 min on a die-punch press. The effect of carbon and MgO addition on
density and strength were investigated. They found that an increase in carbon
concentration lowered the briquette density, consistent with Dukino suggestions as
well as with

industrial data from

Orinoco Iron and Port Hedland

plants.

By

perform ing diam etrical com pression tests on the sam ples they found that an
increase in carbon concentration lowered the strength, although the statistical
v a lid ity of these tests have not been verified. The MgO additions were found to
have no significant influence on briquette density or strength.
In Decem ber 2000, another anom aly in Port Hedland briquettes was reported:
lower density on the surface than in the centre of the briquette. A SEM study of the
briquettes revealed a white layer on the particle's surface and white discrete
particles. It was suggested that this w hite phase m ay be cem entite (Fe3C).
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A significant study on the sticking phenomenon was conducted in BHP-Billiton
Newcastle technology centre. Described by Shook (2000), a sticking test was
designed to test the sticking tendency of fine particles originated from Port Hedland
reactors 2 and 1. Using this test, it was found that there is a transition tem perature
above which the particles started to stick. The product of reactor 2 displayed a
significant tendency to stick at tem peratures higher than 720°C; the reactor 1
product did not have a "transition tem perature" or sticking tendency.

In his

analysis of these results, Dippenaar (2000) proposed an explanation that needed to
be experim entally confirmed: the transition tem perature is actually the eutectoid
tem perature

(723°C), suggesting

that austenite

phase has a higher sticking

tendency than ferrite. The tendency towards sticking is reduced in reactor 1
because a layer of cem entite forms on the surface of austenite particle due to
continuous carburisation by the pertaining gas.

Another study was conducted at the University of New South W ales (Honeyands,
2001) on DRI fines to compare reduced iron produced in the Orinoco Iron and Port
Hedland plants respectively.
tem perature

and

com paction

It was found that under identical conditions of
pressure,

the

Orinoco

sam ples

were

more

com pressible (higher density: 5.9 g .cm '3) than the equivalent Port Hedland sam ple
(5.4 g.cm 3). They also found a strong influence of the com paction tem perature on
com pressibility. At constant applied pressure the density increased from 3.5 g .cm '3
at a com pacting tem perature of 500°C to 5.5 g.cm '3 at 700°C.

Crawford (BHP-Billiton Newcastle Technology Centre) perform ed extensive stu dies
on the m orphology of iron ores and DRI during the initial plants tria ls and
subsequent com m ercial operations. As part of the investigation of the sticking
problem inside the reactors, light m icrographs of HBI etched in nital detailed the
mixed m orphology of the briquettes.
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Cárdenas (2001) in her MSc thesis evaluated the effect of carbon on FIOR briquette
density. By m odifying directly on the operating plant the carbon m onoxide addition,
she statistically analysed and modelled the briquette density with respect to the
carbon content. It was found again that the carbon

present had an inverse

influence on the density. This finding also suggests that the percent of total iron
and the extent of m etallisation may also influence the final density. Neither in this
w ork nor in others

(Honeyands, 2000 and 2001; Koppern 2001; Wong, 1999) has

the specific influence of each of the constituent phases or elem ents present be
analysed.

3.3 C o n clu sio n s
Not w ithstanding the fact that tests and data analysis have been conducted on
briquettes and laboratory DRI com pacts, no fundam ental study has been conducted
as yet on the m etallurgical basis of the com paction behaviour of the directly
reduced iron. As it was well suggested by D ippenaar (2000) in his report on
stickiness encountered in HBI production, it is im portant to consider w hat interfaces
w ill develop between particles following the exposure to a carburising gas m ixture
of the newly formed iron nodules on the surface of those particles. Hence, in the
present study an attem pt was made to sim plify the system and to create different
kind of surfaces of contacting particles.

Laboratory sim ulation s of powder com paction, using pure initial constituents to
isolate

the

influence

of the

carbon

phases

present,

have

been

done.

The

experim ents were designed to establish how different interfaces influence briquette
consolidation behaviour. It was hoped that by evaluating the different iron-carbon
phases at briquetting
behaviour could

tem perature:

pearlite, ferrite or cem entite, com pacting

be clarified. The results of these studies together with DRI

com paction characteristics m ay be useful for the analysis either of briquettes
behaviour or the sticking problem s in the reactors.
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EXPERIMENTAL

This

chapter

is

designed

to

describe

the

experim ental

approach

taken

in

determ ining the influence of selected variables on the com pressibility and strength
of HBI.

Sim ulating the briquetting process on a laboratory scale can assist in the

study of the consolidation m echanism s by the evaluation of certain phenom ena in
sim plifying system s.

By way of introduction, it is pertinent to briefly refer to significant characteristics
and defects observed in HBI. This brief introduction is followed by a description of a
sim ulation of the briquetting process on laboratory scale, in which different DRI
fines

are

com pacted.

To

isolate

the

influence

of

the

carbon

content

on

com pressibility, sam ples of pure iron powder were carburised to different extents
and com pacted under the sam e conditions as DRI.

After com paction, the strength

of the sam ples was evaluated by using a diam etral com pression test. The fracture
surfaces were studied in an attem pt to identify the consolidation m echanism s. A
schem atic outline of the experim ental program is shown in Figure 4.1.

HBI
/7

u

Analysis
Metallography

Iron
powder

Industrial
DRI

7

Less than 1
mm size

\

V
Selected size
groups

Carburisation

V

V

XRD A n a ly s is

Phase counting

V
Hot
compaction

Strength test

.

Metallography

Fracture SEM

Figure 4.1. Flow chart o f the expe rim e n tal program
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4.1 Hot briquetted iron analysis
The first step in this study was to compile information about the characteristics of
HBI. HBI from the Port Hedland plant of BHP-Billiton and studies conducted by the
BHP-Billiton Technology Centre in Newcastle, have been used for this purpose. The
specific aims have been to:
-

Characterize the briquettes metallographically, specifically to analyse the
nature of the particles present

-

Identify and record the most common defects.

4.2 Experimental materials
Two types of particulate material were used for the experiments:
•

Industrial directly reduced iron (DRI) and

•

Pure atomised Hoganas iron powder

For the hot compaction tests DRI samples with less than 1 mm in size were
selected

4.2.1 Industrial Directly Reduced Iron

Table 4.1 - Chem istry of the industrial reduced iron sam ples

Chemistry %
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BHP ID#

Source

Exp nam e

Fe total

Fe m et

C

S i0 2

HB3882

Port Hedland

IcHl

na

84.4

0.90

na

na

HB4411

Port Hedland

lcH2

91.8

83.0

0.94

2.8

0.89

HB4426

Port Hedland

h cH l

92.6

85.1

1.2

2.3

0.91

HB4391

Port Hedland

hcH2

91.8

82.5

1.6

2.1

0.84

HB4187

Orinoco Iron

IcO

93.2

83.1

0.71

0.94

1.1

HB4211

Orinoco Iron

hcO

92.8

84.3

1.9

0.95

0.80

HB4149

FIOR

fior

92.6

81.1

1.1

1.0

1.2

a i 2o

3
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4.2.2 Iron Powder
Table 4.2 Characteristics of the iron powder. (Inform ation extracted from
Hoganas product description)
Höqanäs AHC 100.29
2.95 q/cm 3
+ 212 pm 0%
+ 150 pm 8%
- 45 pm 23%
%
<0.01
0.1
99.5

Atom ised iron powder
Apparent density (1)
Sieve analysis (2)

Chem ical analysis
Carbon (3)
H2 - loss (4)
Fe total
(1)

ISO 3923/1 - 1 9 7 9 ; ( 2 ) ISO 4497 - 1983; (3) ISO 9556 - 1989; (4) ISO 4491/2 - 1989

4.3 Carburisation
Carburisation of iron powder was performed by pack carburising. The procedure
followed is described below:
.

Mix atomised iron powder with the carburising mixture in a ratio of 1:5

Carburising mixture:
•

10%

Anhydrous

Sodium

carbonate

(Na2C 0 3).

(BDH

Chem icals

99.5%

purity).
•
•
•

Charcoal (vegetable carbon) crushed to less than 2 mm.

Place the mixture in a covered clay crucible
Place crucible(s) in a muffle furnace at the design temperature, time and cooling
rates (see table 4.3)
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• After cooling, carburised iron particles were selected from the mixture by using
Teflon coated magnet. Repeat the particle selection five times starting with the
previous selection.
•

Rinse powder sample in acetone and let it dry for 2 min by spreading it on
absorbent paper

• Store the powder in a dry atmosphere

Table 4.3 Carburising param eters used in the experim ents
2nd carburisation

1st carburisation
S am ple
nam e
Cl

Tem p
(°C )
750

Tim e
(m in )
5

Cooling rate (°C /h )

C2

850

5

In furna ce ~ 4 0

C3

1000

5

In furna ce ~ 4 0

C4

1000

20

500

Tem p
(°C )

Tim e
(m in )

C ooling rate
(° C /h )

1000

5

In fu rn a c e ~ 4 0

500

Figure 4.3. Representation of the expected carbon content of the sam ples shown in Table 4.3
with respect to the iron-carbon phase diagram

54

C h a p t e r 4 - Ex p e r im e n t a l

Relevant properties of iron compounds
Table

4.4

depicts

some

useful

physical

and

mechanical

properties

of

iron

com pounds of interest.

Table 4.4. Mechanical and physical properties of some iron phases and com pounds
Nam e

D e nsity

Yield S tre n g th

Hardness

m .p.

(g .c m '3)

MPa

(G pa)

(°C )

a-Fe

7 .8 7 (3)

7 0 -1 4 0 (3)

2 .4 (1)

1 5 3 8 (3)

Fe3C

7.7 <5>

7 0 0 0 (6)

1 3 .4 (1)

Fe30 4

5 .0 4 6 (4)

1 5 2 8 (3)

Fe20 3

5 .2 4 (2)

1 5 9 6 <3)

FeO

5.7 (2)

1 3 9 4 (3)

(1)
Hysitron web site; (2) Kirk-Othm er, 1981; (3)ASM Handbook; (4)Technical ceram ics.net web site (5) SI
chem ical data; (6) Webb et al, 1958.____________________ __________________________________________________________

4.4 Powder Compaction
•

A

mould

manufactured from INCONEL-718 alloy was specially designed to

com press DRI and iron powder at temperatures up to 800°C. The dimensions of
the mould are shown in figure 4.4
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un
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m

i
j

ro

j
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i

v
V
A

CM

o

V

Figure 4.4 Dim ensions of the mould for powder sam ples com pression.
Material Inconel-718, all dim ensions in mm

•

All the compaction experiments were performed in a hot compression testing
facility, Instron 1343, equipped with a 50 KN load cell. A radiation-heating
furnace is attached to the Instron so that the mould containing the powder can
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be heated in air up to the specified temperature. The testing system machinefurnace is computer controlled. A schematic representation of the c o m p a c tin g
process is shown in figure 4.5.

In s tro n
crosshead
Die Dunch

Die body
Powder
Die base

Furnace
In s tro n
crosshead

Figure 4.5. Schematic of the compacting process
The samples obtained using this mould are cylindrical in shape, 10.3 mm in
diameter and varying in height from 2 to 5 mm.

4.4.1 Compacting conditions

Selected powder size of less than 1 mm
Temperature of 650°C or 800°C
The compacting pressure is applied after 90s soaking time in the case of
compacting at 800°C and 300 s soaking time for compacts produced at 650°C.
Heating rate: 500°C/min
Compacting speed: 0.4 mm/s
No retention time at the compacting temperature
No protective atmosphere
Density is calculated by direct measurement of each sam ple produced under
these compacting conditions following the ASTM B-331 standard. Because the
samples were

perfectly cylindrical

accurate

m easurem ents could

be

made.

Moreover, because the sam ples contain significant porosity and were to be

C hapter 4 - Experimental

m echanically

tested,

the

w ater

displacem ent

method

for

the

density

determ ination was not appropriate.
•

An average of 12 sam ples were compacted for each type of powder. To ensure
repeatability, three sam ples were produced at each applied pressure and three
sets of significant values were produced for the different applied pressures.

4.4.3 Compacted sam ples

Table 4.5. Compacted samples description
Main
Group

Iron
powder

Id e n tific a tio n

Iron
Cl
C2
C3
C4
IcHl

lcH2

hcHl

hcH2
DRI
IcO

hcO

fior
DsF

DsM

DsC

lcH l-8

Description

Com pression
tem perature
(°C)

Atomised iron powder
650
Carburised iron powder
(see table 4.3)
Low carbon Hedland - 1,
sizes less than 1 mm
(0.9%C)
Low carbon Hedland - 2,
sizes less than 1 mm
(0.94%C)
High carbon Hedland - 1,
sizes less than 1 mm
(1.2%C)
High carbon Hedland - 1,
sizes less than 1 mm
(1.6%C)
Low carbon Orinoco,
sizes less than 1 mm
(0.71%C)
High carbon Orinoco,
sizes less than
1 mm
(1.9%C)
FIOR, sizes less than 1 mm
(1.1%C)
Selected
sizes
of
Low
Carbon Hedland (Ichl), less
than 90 urn
Selected
sizes
of
Low
Carbon Hedland (Ichl), 125
to 300 |im
Selected
sizes
of
Low
Carbon Hedland (Ichl), 500
to 1000 urn
Low carbon Hedland - 1,
sizes less than 1000 |im

Number
of

samples
prepared
13
11
10
14
14
18

16

13

10

10

9

12
12

10

10

800

19
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4.5 Strength

test

The strength test is designed to determine the resistance to fracture under p re ss u re
of the compacted samples. A diametral compression test (DCT) was selected to
measure the fracture strength of the cylindrical-shaped samples produced in the
hot compaction experiments.

Rudnick et al (1963) have shown that fracture caused by shear stresses in the
diametrical compression test can be eliminated by the use of pads manufactured
from a ductile material. Fahad (1996) has furthermore shown that the carved curve
in these pads should have the same diameter as the compact to be tested, and the
width should be 0.2 times the diameter. The cylindrical compact is then positioned
between the carved curves of the pads. The shape and size of the pads used are
shown on figure 4.6

10.3d)

/

10

Figure 4.6 Ductile pads for the DCT. Manufactured from brass bar, all dim ensions in mm.
An Instron machine 4302 with 10 KN load cell was used for the experim ents. A
schematic illustration of the tests performed is shown in figure 4.7. The pressure
was applied on the sample until fracture. The breaking force was registered for
each sample.

Figure 4.7 - Schem atic illustration of the diam etral com pression test
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The load at fracture is related to the tensile stress in the centre of the sam ple by
equation 4.1 provided that the fracture occurs in a brittle manner.
o= 2P/jcDt

[4.1]

Where, a: tensile stress; P: fracture load; D: diam eter of the cylindrical sam ple; t:
thickness of the sample.

4.6

M etallo g raphy , X-R ay and SEM analysis

4.6.1 Metallography

• Sam ples in powder form were mounted in acrylic resin and allowed to harden
in vacuum .
• Com pacted sam ples and HBI pieces were mounted in Buehler phenolic black
powder (Bakelite).
• The HBI was cut using a silicon carbide Struers cutoff wheel 356C at 0.5
m m /m in on a Struers Acutom 5 machine.
•

M etallographic preparation was conducted by conventional techniques used
for m edium -hard ferrous m aterials and were polished to a 3|j,m finish.

• Optical m icroscopy was done on a Leica® DMRM m etallurgical m icroscope with
m agnifications up to 1000 times.
• Two types of etching methods were used:
Nitric acid

in alcohol (Nital 2.5%) was used to reveal the general

structure, followed by
Beraha's tint etch for cast iron and steels (Beraha, 1977) based on
sodium m olibdate (Na2M o04) to isolate the presence of Fe3C.
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4.6.2 Scanning electron microscope observations

Fractured surfaces of com pacts were observed in a scanning electron microscope,
Leica S440 SEM (1994). Phases and particles were identified by energy dispersive
spectroscopy (EDS).

4.6.3 X-ray diffraction analysis
HBI was analysed by X-ray diffraction techniques on a sample of the briquette
polished surface and iron carburised particles using powder X-ray diffraction. Both
analysis were conducted in a Phillips PW 1730 X-ray diffractom eter supported by
Visual XRD and Traces software. Pure iron powder Hôganas AHC 100.29, of known
composition was used for calibration of the X-ray peak values.
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RESULTS
5.1 HBI

A N A LY S IS

In the industrially produced com pacted DRI product, Hot Briquetted Iron (Figure
5.1), pro-eutectoid ferrite and pearlite phases can co-exist if the carbon content is
below 0.8% C. In high-carbon HBI, with carbon contents higher than 0.8% , pearlite
and cem entite can co-exist. The reduction reactions by which HBI is produced m ay
not go to com pletion and rem nants of unreduced wustite or m agnetite are usually
observed in the final product. On occasion, unreduced dense hem atite has also
been observed. In the present study, the identity of phases present in specific
sam ples

obtained

from

the

operated

plants

have

been

confirm ed

by

X-ray

diffraction analysis.

Figure 5.1. Port H edland's hot briquetted iron. (BHP-HBI catalogue)

5.1.1 Briquette m icrostructure

A typical optical m icrograph of a low-carbon briquette produced in the BHP-Billiton
Port Hedland plant is shown in Figure 5.2.

Etched in 2.5% nital, the black regions

displayed are porosity inherent to the com paction of powders, clear-grey dense
particles

are

hem atite

traces,

som e

of the

nuclei

in the

larger

particles

are

unreduced m agnetite or wüstite. The m ajority of the particles consist of a pearlitic
structure

(grey with white spots).

It was however,

not possible to determ ine

w hether the white particles are cem entite or ferrite without further investigation.
This m icrograph - sim ilar to the m any produced by Crawford (2001) - dem onstrate
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the difficulties encountered in the analysis of the constituent phases in a b riq u e tte .
The inherent porosity of reduced particles makes it very difficult to d is c r im in a t e
between pearlite, cementite and ferrite.

Cem entite
or ferrite

Hematite

Pore

y

1 Magnetite

Pearlite

Figure 5.2. Opticalm icrograph of a briquette. Etched in nital 2.5%.

5.1.2 Briquette defects

Defects in the HBI are discussed under two major headings:
•

density problems

•

strength problems

Density problems in briquettes
The target density for briquettes to be produced commercially is agreed to be more
than 5 g.cirT3. Statistics from Orinoco and Port Hedland plants (Figure 5.3) show
the dependence of the briquette density on carbon content, iron ore source and
position in the carved rolls. Although it appears that briquette density is lowered by
an increase in carbon contents, the scatter of the industrial data is large. However,
the

density

of the

HBI

produced

in the

Orinoco

Iron

process

consistently higher than that of briquettes produced at Port Hedland.
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Edge briquettes

■ .*« * -■ *

„ Orinoco

«

C

j

Centre briquettes

;;

____________

XX Si—-

•
’• * * . . V ï

^ «
.

.
•

x

*

x

.

Port Hedland

0.5

1

....... .

1.5

2

2.5

3

B riqu ette C arbo n (%)

Note: The briquette rolls have three horizontally carved
reference to the so-called centre and edge briquettes.

pockets.

Hence the

Figure 5.3 Comparison of Orinoco Iron and Port Hedland briquette density as a function of
the carbon content, a) edge briquettes, b) centre briquettes. Industrially produced briquettes
(Honeyands, 2001, p. 2 and 3).

S tre n g th p ro b le m s in b riq u e tte s

Briquette strength is related to its resistance to impact. Briquettes are transported
on belts that drop them from considerable heights. Sufficient im pact resistance is
im perative to avoid losses by breakage and dust production during transportation.
Breakage occurs m ostly at the separation seam edges as shown in Figure 5.4.

b)

cl

Figure 5.4. a) Briquette breakage, occurring at the edges of the product, leading to fracture,
b) Clam-shelling fashion defect, c) Uneven separation from the flash.
Photos taken from Port Hedland briquettes.
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Figure 5.5 shows uneven density distribution throughout the transverse section of
_

.

-y th

an HBI briquette (unpublished work BHP-Biliiton Newcastle Technology Centr
Dec. 2000). Broken edges seem to be associated with localised low-density areas.

Poor compaction (20x)

Figure 5.5 Port Hedland briquette cut in the rolling direction, showing differences
in the compacting density.
(Analysis made in BHP-Billiton Newcastle Technology Centre, 7 dec 2000, unpublished work).

5.2 Iron

carburisation

In previous chapters the need to sim plify the relationship between carbon content
and briquette density have been identified. It was also shown that as a first attem pt
to resolving this issue, pure iron powder was carburised

by a fairly sim ple

procedure.

Solid-state carburisation of atom ised iron powder resulted in five types of powder
sam ples that were further investigated (including the original pure iron powder).
Optical micrographs, phase calculations and X-ray diffraction analysis of these
sam ples are presented below:
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5.2.1 Optical m icrographs

Atom ised Hoganas iron particles are shown in the optical m icrographs of Figure 5.6.
Ferrite grains can clearly be distinguished. These atomised iron particles were used
as feedstock for the carburisation experim ents.

Figure 5.6 Optical micrograph picture of atomised Hoganas iron powder.
Etched in nital 2.5%

The first carburisation experim ent ( C l) was done at 750°C, in the ferrite phase
region, producing sam ples with carbon contents lower than 0.02 mass percent,
Figure 5.7. At higher magnification, Figure 5.7b, a layer of Fe30 4 that formed on the
particle surface is identified.

At 750°C, the following sequence of events are

envisaged:

Oxygen present in the container will react with carbon to form carbon m onoxide
and carbon dioxide. The carbon monoxide so formed will decom pose into C 0 2 and
carbon, which will be deposited on the pure iron surface. The carbon diffuses into
the iron up to the solubility lim it of approxim ately 0.02 mass percent of carbon. At
750°C the rate of carbon deposition (the reverse Boudouard reaction):
C s o iid +

C 0 2 (g) =

2 C-0 (g)

is very low and hence, carbon deposition occurs at a much lower rate than the
form ation of C 0 2 by reaction between oxygen and carbon. The C 0 2/C 0 ratio is
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increased to the extent that the pure iron surface can be oxidised, especially on
slow cooling.

a)

b)

Figure 5.7. Typical particles from experiment C l. Atomised Hoganas iron carburised at 750°C
for 5 min., slow cooling, a) general view of the particle; b) detail of particle surface.
Etched in nital 2.5%

Sam ples carburised at 850°C (C2) display pearlite colonies and pro-eutectoid
ferrite. Figure 5.8 depicts a typical particle of this sample. Tiny particles of
cementite seem to be present. The carbon content of the sample is clearly such
that a two-phase structure, ferrite and austenite, co-exist at 850°C. On cooling, the
austenite transform s to pearlite. The presence of cem entite is due to the fact that
solid-state carburisation is not homogeneous, and that equilibrium conditions do
not prevail throughout the sample. In pockets, excessive carburisation occurs,
leading to the formation of pro-eutectoid cementite.
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Figure 5.8. Typical particle in sample C2. Atomised Hoganas iron, carburised at 850°C for 5
min. and cooled very slowly. Etched in Nital 2.5%

Particles carburised for 5 min. in the austenite region at 1000°C display colonies of
pearlite with layers of cem entite on the grain boundaries (sample C3). Cem entite
also form s at the surface of the particles after reaching carbon saturation in
austenite. Figure 5.9 shows these features as well as another com m only observed
phenomenon:

separation of a grain from the main particle to form another

individual particle.

Figure 5.9 Typical particles on sample C3. Carburised at 1000°C for 5 min. and cooled in the
furnace.

Sam ple C4 was prepared by re-carburisation of particles already carburised for 20
min. at 1000°C. The sam ple was again kept in the austenitic region at 1000°C for 5
min. Pearlite colonies surrounded by much thicker cem entite seam s than on C3 can
be observed in Figure 5.10. Nevertheless, some particles contained pure pearlite
structures and others alm ost pure cem entite, especially in some of the sm aller
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particles.

This

observation

provides

further

evidence

of

non-homogeneous

carburisation in the solid-state carburisation technique. However, for the purposes
of the current experim ental program, this inhomogeneous carburisation did not
constitute a serious obstacle and hence no attem pt was made to refine the
carburisation technique by using gaseous reaction techniques.

Figure 5.10. Typical particle of sample C4. Atomised Hoganas iron powder carburised for 20
min. at 1000°C and re-carburised for 5 min. at 1000°C.
Etched in nital 2.5%.

5.2.2 Phase analysis

Applying phase counting m etallographic techniques combined with powder X-ray
diffraction, the constituent phases in each carburised sam ple were identified and its
proportion calculated. Separating the iron phases from the oxides, the proportions
of pearlite, ferrite and free cem entite were determ ined. The carbon percent was
obtained

by lever rule calculations

using

diagram. Results are shown in Table 5.1.
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Table 5.1 Iron phases calculated from optical micrograph analysis of the carburised samples
and powder X-ray diffraction results

P ercent p re se n t assum ing fu ll dense
sam ple w ith o u t oxides
S am p le
na m e

a -iro n
F e rrite

Pearl ite

Fe3C
Free ce m e n tite

C alculated
carbon
p e rce n t

Iro n oxide s
(Fe30 4)

Cl

100

0

0

0

14

C2

4 0 .5

59.5

0

0.31

1.1

C3

0

8 5 .5

14.3

1.63

0

C4

0

83

17

1.77

0
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5.3 POWDER C O M P A C T IO N
Cylindrical

compacted

sam ples

were obtained

by com pressing

DRI fines

or

carburised iron powders in the hot pressing facility described in Chapter 4. The
relationship between density and pressure as a function of pre-selected variables,
are displayed in the com pressibility curves of the compacts.

5.3.1 Directly reduced iron sam ples
Sam ples of DRI obtained

from

the

FIOR® and

FINMET® reduction

process

respectively, were com pressed at 650°C. Only fines less than 1 mm in size were
used in these com pressibility tests due to restrictions in mould dim ensions. Figure
5.11 depicts the entire spectrum of the sam ples compacted, highlighting the target
density of the standard briquettes (5 g.cnrT3).

Figure 5.11 Compressibility curve. Real density - pressure relationship in DRI powders,
compressed at 650°C. See table 4.1 for a definition of the symbols.
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Figure 5.12 Detail of the curves at target density. DRI samples compacted at 650°C.
See table 4.1 for a definition of the symbols

Figure 5.12 depicts in detail the pressures applied to attain the target density in the
different experim ents. The graph illustrates that the Low carbon Orinoco (IcO)
sam ple has the highest com pressibility as an applied pressure of less than 160 MPa
is required to achieve the target density. High carbon Hedland has the lowest
com pressibility, requiring an applied pressure in excess of than 240 MPa to attain

Figure 5.13 Relative density/carbon content relationship at three selected
constant pressures in DRI samples
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Figure 5.13 illustrates the influence of carbon on the com pressibility of DRI. An
increase in carbon content lowers the com pressibility. DRI from the Port Hedland
plant displays a different carbon-density relationship than DRI produced in the
Orinoco Iron plant (shown by lines). Orinoco sam ples have higher com pressibilities
irrespective of carbon content. These results confirm the trends observed in the
analysis

of

industrial

data

(Figure

5.3).

FIOR®

sam ples

displayed

lower

com pressibility than expected.

In order to establish the influence of particle size on the com pressib ility of DRI
sam ples, the low carbon Hedland type 1 m ixture was selected (see Table 4.2 and
Figure 4.2 for details). Three size groups were compacted at 650°C under the sam e
conditions. The results are shown in Figure 5.14.

Figure 5.14 Size influence on compressibility. Evaluation of DRI samples of
Low-carbon Hedland (IcHl) compacted at 650°C

It follows that when powders of roughly equal particle size are com pared, fine
particles display higher co m pressib ilities than coarser ones. A m ixture of fine and
coarser particles is therefore expected to yield a co m p re ssib ility valu e in between
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these extrem es and th at is the case indeed. The industrial sam ple IcH l contains
roughly 13% of each of the size groups shown in Figure 5.14 (see Figure 4.2). It is
therefore not surprising that such a m ix will yield co m pressibilities in between those
of the coarse and fine particles.

The influence of com paction tem perature on com pressibility was investigated by
also using low carbon Hedland DRI (IcH l). Two com paction tem peratures were
selected: 800°C, as the highest exit tem perature of the particles from reactor 1 and
6 5 0 °C / the briquetting tem perature. Sam ples obtained by hot com paction at these
tem p eratures depict the curves shown on Figure 5.15.

Figure 5.15 The influence of compacting temperature on compressibility.
Evaluated on DRI sample low carbon Hedland type 1

C o m pre ssib ility clearly increases with tem perature. Sam ples com pacted at 800°C
can achieve the target density at a com pacting pressure of 135 MPa, while those
DRI particles com pacted at 650°C required a pressure of 160 MPa to achieve the
target density.
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5.3.2 Carburised iron

In an attem pt to furth er clarify the influence of carbon content of HBI on
com pressibility, the carburised sam ples prepared in the laboratory from atom ised
iron were com pressed under the sam e conditions as the DRI fines.

a) Compressibility
Sam ples

of pure

iron

and

carburised

iron

were compacted

at 650°C. The

com pressibility curve obtained for each sam ple is presented in Figure 5.16

Figure 5.16 Compressibility curve for carburised powders and pure atomised iron
Temperature of compression: 650°C

Figure 5.16 displays the difference in com pressibility between d ifferen tly carburised
iron powders. Pure iron has the highest com pressibility, followed by hypoeutectoid
steel C2, ferrite particles covered with a rim of Fe304 C l , hypereutectoid steel C3
and finally C4 with the lowest com pressibility. Pressures low er than 40 MPa are
enough to achieve the density of 5 g.cm"3 in atom ised pure iron powder, but up to
180 MPa are required to com press heavily carburised particles. The influence of the
carbon content in the co m pressib ility is m ore e xp licitly shown in Figure 5.17.
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C a rb o n in flu e n c e in c o m p a c tib ility of

Figure 5.17 Carbon content influence in the compressibility of carburised samples. Carbon
content from the phase calculations in table 5.1

b) Compaction maps comparison
The theoretical densities of the carburised compacts were calculated, knowing the
density and proportion of each elem ent or phase present (from table 5.1).

These

calculated densities are presented in Table 5.2.

Table 5.2. Theoretical full densities for carburised samples
S am ple nam e

D ensity
(g .c m '3)

Iro n

7.8 6

Cl

7.5 3

C2

7.83

C3

7.8 6

C4

7 .8 6

A v e r a g e d e n s it y fo r iro n a n d c e m e n tite = 7 .8 6
D e n s ity o f F e 30 4 = 5 .0 4 6 fr o m T a b le 4 .5

By using the compacting models for hot isostatic pressing introduced by Helle et al
(1985),

the yield

curves of the

pure com ponents

calculated, and are shown in Figure 5.18.

iron and

cem entite were

The curves of iron and cem entite were

determ ined using equations 2.14 and 2.15, (explained in the subchapter 2.6.2 in
the literature review). The initial density D0 is assumed as the density of spheres in
dense random packing 0.64 (Helle et al, 1985), the yield strength of iron is
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adjusted to 100 Mpa and cem entite yield strength is 7000 MPa from Table 4.4. The
com pressibility curves, experim entally determ ined for the atom ised

Ton

an d

carburised powders in this study are also shown in the figure. Relative d e n s it ie s (D)
of the carburised sam ples were calculated using the theoretical full density from
Table 5.2.

Figure 5.18. Relative density/pressure map of the carburised samples and pure iron

The yield curves derived by this calculation represent the relative densities th a t can
be obtained by pure plastic deformation under application of a certain pressure.
Relative densities above the pure iron curve (left) are obtained when the tim etem perature dependent m echanism s creep and/or diffusion begin to influence the
final density. Hence, the conclusion to be drawn from the experim ental results is
that the compacts consolidate by a m echanism of pure deform ation and that
diffusion and creep did not contribute to attaining the m easured d ensity (this
explanation does not discard the presence of weak atom ic bonding).

The experim ental curve for pure iron com pacts approxim ate v ery closely the
theoretical prediction. The slight deviation from the theoretical prediction at relative
densities below 0.75 can be attributed to the fact th at the model calculations
assum e a starting density of 0.64, being an ideal packing of perfect spheres. In our
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experim ents, the iron particles used, vary significantly in shape, so that it is to be
expected that the deformation mechanism on which the density calculation is
based, will not apply to the irregular shaped particles in the initial stages of
compaction.
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5.4 S trength test
The samples obtained from the hot compaction of DRI fines, carburised powder and
pure iron powder were all tested by the use of the diametrical compression test.
This test was specifically designed to determine to what extent the powders had
been consolidated.

5.4.1 Strength of DRI powders

A pre-requisite to the validity of the 'tensile strength' by applying equation 4.1, is
that the specimen fracture in a brittle fashion as shown in Figure 5.19. In other
words, the principal tensile stress imposed on the sample should act perpendicular
to the crack shown in Figure 5.19.

Figure 5.19 Brittle fracture observed in a sample of High carbon Port Hedland DRI
(Density of 4.95 gr.cm'3)

However, many samples fractured by shear or compressive stress as shown in
Figure 5.20.

Figure 5.20 Compressive and shear stress fractures observed in compressed samples of DRI

The occurrence of brittle fracture does not seem to be related to the density of the
sample. Samples of high carbon DRI with densities as low as 3.7 g.crrT3 broke in a
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brittle m anner, while sam ples of low carbon Hedland (IcH l or lcH2) did not break in
a brittle fashion even those with the highest densities (6.5 g .c n r3). It seem s that
the tendency fracture in a brittle fashion or by the action of tensile stress in the
centre of the sam ple, is more related to the carbon content of a sam ple (although
som e sam ples of low carbon Orinoco with 0.71% C also fractured in brittle mode).

In this particular test it is more convenient to relate the resistance to fracture to a
norm alised force, rather than the tensile stress because the surface area used to
calculate the stress (as per equation 2.16) does not have any bearing on this
particular test. The norm alised force (Fn) is sim ply the m axim um force applied (F)
per mm of thickness (t) to fracture the sample: Fn= F/t. Results are shown in
Figure 5.21.
Increm ents in density raise exponentially the breaking resistance (Figure 5.21).

Figure 5.21 Breaking force - density relationship in the DRI samples,
compacted at 650°C

For sam ples with densities above the target density (5 g.crrf3) the resistance
started to differ depending on the iron source and carbon content of the specim en.
D etails of the norm alised force in the vicin ity of the target density are displayed in
Figure 5.22.
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Figure 5.22 Breaking force - density relationship in the DRI samples compacted
at 650°C. Detail of the curves around the target.

The fracture resistance of DRI sam ples, with densities higher than 5 g .c m 3, can be
presented in the following order from stronger to weaker sam ple: High carbon
Hedland 2, High carbon Orinoco, Low carbon Orinoco, Fior, High carbon Hedland 1
and Low carbon Hedland 2 and low carbon Hedland 1. Relating the strength with
the carbon content (Figure 5.23), it follows that an increase in carbon content
increases the breaking resistance of the compacts.

Figure 5.23 The influence of carbon content on the fracture resistance
of compacted samples of DRI.
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It follow s from

Figure 5.23 that the fracture strength of compacted

pellets

m anufactured in the Port Hedland plant Is more sensitive to the carbon content of
the pellets than those m anufactured in the Orinoco plant.

5.4.2 Strength of carburised powder compacts

The norm alised force at fracture was also used to evaluate the strength of
com pacts produced from

carburised

iron. Figure 5.24 shows that the sam e

relationship between fracture force and density found for DRI com pacts also holds
for carburised iron powders.

Figure 5.24 Breaking force - density relationship of carburised samples compacted at 650°C

Figure 5.25 which is a more detailed version of Figure 5.24 shows that the slopes of
the lines corresponding to sam ples C4 (1.77% C) and C3 (1.63% C) are higher than
C2 (0.31% C) and iron. By extrapolation of the curves it appears that at densities
above approxim ately 6 g.cm '3 the fracture resistance increases with the carbon
content in the sam e fashion as with DRI sam ples. However, sam ples of iron or low
carbon could not be produced with densities lower than 5 g.cm '3 and sam ples of
high carbon could not be produced to densities higher than 6 g.cm"3, so the
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tendency observed above about the effect of the carbon content of carburised
compacts on strength is somewhat speculative.

Figure 5.25. Detail of carburised sam ples excluding sam ple C l.

A comparison of Figure 5.24 and Figure 5.21 reveals that carburised sam ples with
the same density (say 5.25 g.cm '3) break under the action of a force between 100
and 500 N/mm. DRI compacts of the same density (say 5. 25 g.cm -3) break under
forces in excess of 600 N/mm.

In other words, samples of DRI are much more

resistant to fracture in the diametrical compression test than sam ples made from
carburised iron particles.

5.4.3

The

influence

of

particle

size

and

com paction

tem perature on strength
The diametral compression test was also used to determ ine the strength of sam ples
produced from DRI but screened out in specific size ranges so as to isolate the
effect of particle size on compact strength. All of the com pacts for these experim ent
were compacted at a tem perature of 650°C. Figure 5.26 shows the normalised
breaking force for these sam ples as a function of the density of a com pact.
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Figure 5.26 Breaking force - density relationship of com pacted sam ples of DRI low carbon
Hedland with selection of sizes. Fines com pacted at 650°C.

Figure 5.27 Breaking force - density relationship of com pacted sam ples of DRI low carbon
Hedland with variation in the com paction tem perature. Using m ixture of sizes

Figure 5.26 shows that the particle size, at least not in the group of densities
tested, does not have a significant effect on the fracture resistance of compacts.

The fracture resistance of compacts is significantly enhanced by compacting at

higher tem perature as shown in Figure 5.27, when the DCT was applied on sam ples
of DRI obtained at 800°C and 650°C.
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5.5 Microstructural studies
A better understanding of the microstructure of both DRI and carburised s a m p le s
may contribute to our attempt to unravel the mechanisms of consolidation of these
kind of particles. To this end, optical metallography was done on compacts and
scanning electron microscopy (SEM) observations of fracture surfaces were made.
Some of these observations are presented below.

5.5.1 DRI
By using sodium molibdate as an etchant, it was possible to discriminate between
cementite and ferrite in the metallographic observations of DRI samples. The ferrite
strips in the pearlite are etched by the sodium molibdate, which distinguished it
from

the cementite strips and seams of cementite

precipitated

on the grain

boundaries. Figure 5.28 depicts this effect on sample C4 (hyper-eutectoid) that
contains a significant fraction of cementite.

Figure 5.28. Sam ple of hypereutectoid carburised iron (C4) etched in sodium m olibdate.
Cem entite remaining from the grain boundaries shows white.
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Having

proven that the technique to identify cementite is reliable, this same

technique was used in samples of low and high carbon DRI to detect the presence
of cementite. Results are shown in Figures 5.29 to 32.

Figure 5.29. Low carbon Port Hedland sam ple (0.9% C) etched in sodium molibdate.
The white particles are cementite. The grey areas are rem nant oxides.

Cementite

Bakelite

Figure 5 .3 0 .High carbon Port Hedland sam ple (1.6% C) etched in sodium molibdate.
The white particles are cementite. The grey areas are remnant oxides.
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Figure 5.31. Low carbon Orinoco sample (0.7% C) etched in sodium molibdate.
The white particles are cementite. The grey areas are remnant oxides.

Cem entite
Oxides

Bakelite

Figure 5.32. High carbon Orinoco sample (1.9% C) etched in sodium m olibdate.
The white particles are cementite. The grey areas are rem nant oxides.

Figures 5.29 to 5.32 show that the amount of cementite observed is proportional to
the carbon content of the sample. Cementite is found as tiny particles in iow carbon
Orinoco (0.7%C), and as rims surrounding

particles in low (0.9%C) and high

carbon Hedland (1.6%C) as well as in high carbon Orinoco (1.9% C). Although it is
very difficult to distinguish metallographically, the fine cementite observed are
assumed to be lamellar cementite contained in pearlite while the rims surrounding
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particles are assumed to be pro-eutectoid cementite which formed on cooling
through the two phase gamma plus cementite phase field.

5.5.2 Pressure influence on particles aspect

Two sam ples of compacted DRI fines of different densities were selected to study
the deformation of the compressed particles under pressure. Figures 5.33 and
Figure 5.34 depict clear differences in the contact areas.

Figure 5.33 Low carbon Hedland DRI com pressed at 68 MPa to a density of 3.77 g.cm '3.
Com pacting pressure was applied horizontally to the picture. No etching.

Figure 5.34 Low carbon Hedland DRI com pressed at 267 MPa to a density of 5.62 g.cm
Com pacting pressure was applied horizontally to the picture. No etching

-3

Figure 5.33 shows particles of a sample compacted to a density of 3.77 g.cm '3. Few
contact areas are observed, and the gap formed between particles is attributed to
the elastic expansion when the sample is extracted from the mould. At a higher
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density of 5.62 g.crrf3 (Figure 5.34) it is clear that plastic deformation of particles
has occurred and that there is more intimate contact between particles. The pores,
in the sample compacted at 5.62 g.cm '3 of density, appeared more rounded. Some
breakage of hard oxide particles is observed in the right top corner of the picture.

5.5.3 Carburised iron observations

Samples

of carburised

iron

compacted

at

650°C

with

the

same

density

of

approximately 5.3 g.cm '3 and fractured by DCT were examined in the scanning
electron microscope. The fracture surface of pure iron compacted at 650°C shown in
Figure 5.35 is typical of particles obtained from atomisation of molten metal. Very
little deformation has occurred and contact areas are typical of particles restacking.
Fracture occurs along grain boundaries and there are no signs that diffusion has
occurred.

Figure 5.35. SEM fracture observation of atomised iron compacted at 650°C.
Evidence of an oxide layer on the surface is found in sample C l and shown in
Figure 5.36. The presence of an oxide layer is confirmed by EDS analysis. As higher
pressure is applied to achieve the same density, the particles deformed more than
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in the pure iron sample shown in Figure 5.35, and larger contact areas are evident.
The flake-shaped particles are charcoal.

Figure 5.36 SEM fracture observation of iron carburised at 750°C for 5 min.
( C l) 0 %C, 14%Fe30 4. Compacted at 650°C.

The fractures surface of sample C2 (Figure 5.37) shows poor compaction, and
individual particles can be distinguished. The granular surface structure pointed in
the

picture

is associated

with oxides formed

in some of the particles during

carburisation. The same nodules are detailed in the fractographs of a high-strength
steel exposed 5 min. to the air at 700°C (Fellows,1975, p. 50). The morphology of
these oxides is different than the ones formed over the particles in C l , the nodules
suggest that the nucleation of oxides had just started. These formations are also
evidenced in the Figure 5.38.
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Figure 5.37. SEM fracture observation of iron carburised at 850°C for 5 min. (C2 ) 0.31% C.
Compacted at 650°C
Figure 5.38 shows the fracture surface of sample C3, made from iron particles
carburised at 1000°C. The particles in this sample as well as in sample C4 appear to
be more agglomerated that in pure iron. Evidence of elastic expansion on extraction
of the compact from the mould is observed on the left topside of the picture, where
some particles with a gap between them are a mirror image of the neighbouring
ones.

10pm

j— ■ I

Ml-9

S e le c to r . SEI

SEM S/ 8556

4&BHP

Figure 5.38 SEM fracture observation of iron carburised at 1000°C for 5 min. (C3)
1.63% C. Com pacted at 650°C
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Closer observation of sample C3 in Figure 5.39 show fractures in the particles.
Fractures can be produced during powder consolidation or during the compression
test. The nature of the cracks suggests that fracture occur along grain boundaries,
most probably along the cementite seams.

2^m

\—

I

Detector- SEl

SEM S / 8 5 5 6

4Z>BHP

Figure 5.39. SEM fracture of iron carburised at 1000°C for 5 min.,
compacted at 650°C and fractured by DCT.
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6.1 C o m p r e s s ib il it y

The exp e rim e n ta l investig atio n conducted in th is study dem onstrated th at the
co m p re ssib ility o f d ire ctly reduced iron fines produced in fluidised bed processes, is
influenced by the type of iron ore, the carbon content of the particles, tem p erature
and p article m orphology. In the follow ing discussion an attem pt will be m ade to
exp lain these observations.

6.1.1 In flu en ce of the iron ore type

DRI fin es m anufactured in the Orinoco Iron plant are more com pressible than those
produced in the Port Hedland plant if the influence of the carbon content is
excluded. Fines from the FIOR process have the low est co m pressib ility. Chem ical
a n aly se s of the fin es studied do not show sig n ifican t differences in the exten t of
m etallisatio n . Flowever, there are d istin ct differences in the size d istrib ution of the
particles.

D ifferences in size d istrib ution m ay explain the contradictions in co m p re ssib ility of
DRI from the d ifferen t FINMET plants. O rinoco's DRI has 13% m ore particles with
size s less than 250 m icrons than Hedland s. On the o ther hand, Hedland s DRI
exceed s O rin oco's in the proportion of coarser particles (betw een 1 and 4 mm ).
From the exp erim en ts in which selected size groups were com pressed it w as
e v id e n t th a t co m p re ssib ility is im proved by using fin er particles (see Figure 5.14).

A lth o u g h these arg um en ts about the size d istrib ution m ay explain the observed
d ifferen ces in co m p re ssib ility between O rinoco Iron and Port Hedland DRI, it is not
cle a r w hy FIO R's DRI fin es d isplay very different behaviour. The size d istrib u tio n is
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slightly different from that of Orinoco's but these sm all differences cannot account
for the very different behaviour. The question remains why iron ore from essentially
the same source, being reduced in sim ilar processes and yielding the sam e
chem istry and size distribution, behave so differently.

The compaction of powder under sim ulated industrial conditions will scarcely
develop any sintering if insufficient retention tim e is allowed (Helle et al, 1985).
Measurable neck size in pure iron particles at tem peratures lower than 700°C
occurs with retention tim es of more than 100 hours (Matsumura, 1971).

When a m ixture of particles, such as DRI, is compressed, the more ductile particles
will deform under pressure but this deformation is hindered by the presence of
harder particulates (Turner et al, 1996). Hence, the applied pressure should be high
enough to deform the ductile particles so that they engulf the harder particles. In
such a case the vacant space will be filled and the density of the com pact
increased.

Should

this explanation

be correct,

it is expected

that

DRI would

be less

com pressible the higher the amount of harder particles present (such as oxides or
cementite). The difference in com pressibility between the different DRIs m ay be
associated with the presence of different iron oxides. Chem ical analyses usually
conducted on DRI do not discrim inate between the types of oxides present. For
example, if instead of porous magnetite there were hard dense hem atite (due to
differences

in

the

iron

ore

morphology

or

in

the

process

kinetics),

the

com pressibility may be affected. The effect of oxides on com pressibility was
observed when particles of iron surrounded by an oxide layer were com pressed, see
specimen C l in Figure 5.16.
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6.1.2 Influence of carbon content

Com paction of carburised iron sam ples demonstrated that increased carbon content
lowers com pressibility. If the principles delineated by Turner et al (1996) were to
be applied, one would expect that the cem entite particles (100 tim es harder than
pure iron) m ight influence com pressibility. The presence of pearlite in hypoeutectoid particles means that such powder will have higher yield strength than
pure iron, and hence the compaction pressure has to be higher to obtain the same
densities. If in addition hard and dense primary cementite forms, deformation of
the ductile constituent is further hindered and even higher pressures need to be
applied to achieve the same density.

6.1.3 Influence of temperature
The particles of DRI compressed at 800°C achieved densities 15% higher than
those compressed at 650°C at the same pressure. This observation confirm s earlier
experim ents by Honeyands (2000) who also detected increases in density at higher
com paction tem peratures.

An explanation for the influence of temperature in instantaneous compaction may
be found by reference to powder m etallurgy fundam entals (Goetzel, 1949). The
atom ic m obility and, hence, the plasticity of the particles is increased at higher
tem perature, facilitating their deformation. Increased plasticity is related to the
m elting point of the material being compressed. For exam ple in an iron-carbon alloy
containing 0.6% C, the structure at 650°C will consist of a m ixture of soft ferrite and
hard cem entite. When heated to 850°C, the pearlite will transform to austenite,
which is much softer than the pearlite, and hence the com pressibility will be
increased.
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6.1.4 Influence of the particles m orphology

Morphology relates to the shape and the nature of the particulate material. Fines
obtained by gaseous reduction processes have inherent porosity and irregular
shapes.

Particles obtained

by a process of atom isation are produced from a

dispersion of fine molten metal droplets, hence they are homogeneous and q u asi
spherical. Moreover, they have been softened by annealing. This difference in
morphology may explain why carburised particles produced from atomised powder
are more com pressible than the DRI fines, even at sim ilar carbon contents.

The deformation of sponge iron particles implies collapsing the inherent pores as
well as overcoming the elastic response of the trapped air, before yielding of the
particle occurs. Moreover, particle sliding and restacking under pressure is more
likely to occur at the interface of smooth surfaces such as atomised powder than at
the irregular surfaces of reduced particles where the friction forces are considerably
higher.

6.2 S trength
The diam etrical compression tests were designed to better understand the true
compaction mechanisms of the briquettes in FINMET® process. It was not possible
to assess the true tensile strength of the compacts because fracture was clearly not
initiated under pure tensile stress.

6.2.1 Density

The diam etrical compression test requires that fracture occur under conditions of
pure tensile stress. The com pact under investigation do not meet these conditions.
This fracture strength and density follows a power-law relationship as shown in
Figure 5.23 - 5.26. The fracture strength is increased by increases in density.
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Low -density sam ples contain more pores, which are usually connected. Fracture in
such sam ples occurs by flow of particles to vacant sites in the direction of the
applied tensile stress. Particles slip at the boundaries rather than being deformed,
and since there is no physical restriction to movement, a critical crack length
develops, followed by fracture.

In denser sam ples, interlocking between particles is more prevalent and the areas
of contact are larger and the sam ple is less porous. The cohesion forces are
stronger as larger the contact areas and facilitate atom ic bonding. The applied
pressure is transm itted evenly through the particles and the stress to produce
fracture has to be high enough to overcome the cohesion forces.

At densities lower than 5 g.cm '3 the DRI sam ples have alm ost the same fracture
strength. It is interesting to note that sam ples of compacted DRI appear to develop
cohesion between particles at densities higher than 5 g.cm 3. The com pressibility
curves show that it is above this density that the curves begin to deviate and it
becomes possible to evaluate differences in resistance to fracture with respect to
the DRI com position.

6.2.2 Particle m orphology
Sam ples of DRI are more resistant to fracture than sam ples manufactured from
atom ised carburised iron, even at the same carbon content. Differences in fracture
strength can be related to the nature of the particles. DRI fines have to first
collapse their inherent pores before the more ductile particles can deform around
the harder ones. Mechanical interlocking or keyhole bonding will develop as higher
pressure is applied. Because atomised particles deform more easily, more sliding
and less interlocking occurs. Hence, they have lower strength.
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The strength of the compact is not solely related to adhesion or interlocking but is
also dependent on the stress transmission between the particles that are in contact.
The higher the inherent strength of a particle, the lower the stress transm ission and
hence compacts containing hard particles will be stronger. For this reason, the
presence of hard oxide particulates or pro-eutectoid cementite in DRI increases the
strength of the compacts.

6.2.3 Carbon content
In the samples obtained by compacting DRI fines, the influence of the carbon
content on strength becomes evident at densities higher than 5 g.cm 3. It is
presumed that the areas of contact between particles are then large enough for the
development of strong cohesion forces. In samples of carburised iron the form ation
of adhesive contacts between the particles made from atomised iron occurs at
higher densities than in DRI (6 g.cm '3).

Increments in strength of the compact with increased carbon content are due also
to the presence of hard particulates. The cementite in the particles enhances the
inherent strength of the particles and hence, providing that they were compacted at
sufficient density, the cementite present in the structure will enhance the strength
of the whole compact.

6.2.4 Temperature

The fracture strength at room temperature is higher in sam ples compacted at
800°C than at 650° respectively. At higher compacting tem peratures the atom ic
mobility is higher and the atomic bond formation between the areas in contact is
more likely to occur. Moreover, at 800°C some austenite grains will more easily
engulf harder particles, again forming stronger bonds between particles.

98

C hapter 6 - discussion

6.3 G en eral com m ents
The com pressibility of the briquettes is m ainly associated with the nature of the iron
ore, the carbon content and the actual products of the reduction process.

Additions of m agnesia to reactor 1 to prevent sticking do not seem to be associated
with low com pressibility of HBI compacts. It was shown that diffusion-sintering
scarcely affect briquetting and the size and am ount of magnesia added is so sm all
that it cannot act as inhibitor of plastic deform ation during com paction. It therefore
seem s that the addition of fine m agnesia particles to the fluidised bed will not
influence the com pressibility of HBI.

Differences in density between centre and edge pockets as well as lower densities
throughout the com pact appear to be associated

more with the mechanical

conditions of com paction than with the type of DRI. As explained by Pietsch (1997),
the contact between the rollers, distribution of the load, rolling speed, elastic
recovery and air entrapm ent are some of the param eters that should be optim ised
for the specific m aterial to be compressed. Nevertheless, it was dem onstrated that
in order to obtain a desired density, the compacting pressure has to be adjusted
according to the am ount of carbon present in the DRI as well as the type of iron ore
used.

Problem s of im pact resistance of briquettes can be associated with changes in
density throughout the compact. DRI compressed to densities lower than 5 g.cm '3
displayed a significant decrease in fracture resistance. The influence of the carbon
content of com pacts on density and fracture strength is sum m arised in Figure 6.1,
the density obtained at constant pressure (190 MPa) and the fracture strength at
constant density (5 g.cm"3) are shown in this figure.

99

C hapter 6 - Discussion

Figure 6.1 Influence of the amount of carbon in the density of samples obtained at constant
pressure and in the breaking force of samples with the same density

The density obtained at constant pressure is affected by the carbon content. But
sam ples with the sam e density are more fracture resistant if the carbon content is
increased. The strength of the HBI is directly related to the density obtained during
compaction. If the pressure applied to the DRI fines is varied in accordance to the
com position, the strength will be guaranteed.

The compaction of HBI is a process of 'w arm ' com pression of com posite particles.
Early-sintering will not occur because com paction is done alm ost instantaneously
and the compaction tem perature (650°C-800°C) is too low to allow su fficien t
diffusion to occur and make a significant contribution to the strength of the
compact. It is the presence of hard particles that lowers the densification and
enhances the strength

of the

briquettes. The m echanical

properties of the

briquettes are influenced by the param eters of com paction, sp ecifically pressure
and tem perature. Hence, the m ost im portant param eters apart from com position
that will influence com pact integrity are the applied pressure and tem p erature of
com paction, which may be modified according to the com position to achieve the
desired properties.
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CONCLUSIONS

A stu d y o f the consolidation of d ire ctly reduced iron fines obtained via FINMET®
process

in

HBI

w as

perform ed.

The

obtained

product,

briquettes,

d isp lays

differen ces in the m echanical p roperties if the type of iron ore is changed or eith e r
the carbon content or tem p eratu re are altered. A stu dy of the influence of these
v a ria b le s under the sp ecific co nd itio ns of DRI com paction w as perform ed and th e ir
co n clu sio n s are presented in the follow ing paragraphs.

A briq uette m ade from d ire ctly reduced iron fines by FINMET® process, is m ainly
form ed by iron-carbon com pounds. The nature of these com pounds depends on the
am o u n t o f carbon diffused during the reduction-carburisation, they are usually
p earlite or com bination of pearlite-cem entite. Rem nants of unreduced iron oxides
as w ü stite or m agnetite, and occasionally, dense hem atite are also observed.

The d en sity obtained in a sam ple of DRI fines com pacted at 650°C (briquetting
tem p eratu re ) bears a log arith m ic relationship with the applied pressure. B esides
the pressure, the d ensity of com pacted DRI is influenced by the carbon content,
nature of the particles, tem perature of com pression and iron ore type.

An increase in the carbon concentration is d etrim ental to the density obtained at
co n stan t pressure (com p ressibility). The presence of hard p articu lates of cem entite
hin ders the densification of the sam ple and much higher pressures have to be
ap plied to deform the ductile particles around the harder ones.

The type of iron ore reduced yield to different d ire ctly reduced iron in term s of the
m orph ology of the rem nant iron oxides. The presence of hard p articu lates of oxide
(like hem atite) in certain DRIs, also hinders densification. M oreover, the inherent
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porous morphology of DRI particles inhibits the densification compared

with

atomized particles of same composition.

The density of the aggregate and the inherent strength of the particles that formed
it are the main param eters that influence the breaking resistance of compacted
DRI.

Increments in density of compacted sam ples increase their resistance to breakage.
Moreover, there exists a 'transition density' where the deformation of the particles
is high enough to develop larger contact areas and stronger cohesion. In DRI
sam ples is with densities above 5 g.cm '3 that the cohesion is evidenced as it
become possible to differentiate the influence of the particles com position in the
fracture resistance of the sample. This value of 5 g.cm 3 in the 'transition density' is
inherent to the DRI combination, as it was demonstrated that can be different in
other types of compressed particulates.

The resistance to fracture in sam ples of constant density is improved with an
increase in the carbon concentration providing that densities above the 'tran sitio n'
have been achieved. Particulates of cem entite presented in the m ixture of DRI act
as the fibers in a composite, reducing the stress transm ission.

Temperature enhances com pressibility since the

plasticity of the

particles

is

increased with temperature. The tem perature of com paction allows attaining better
atom ic bonding

and

mechanical

interlocking

between

particles. The

breaking

resistance of the particles is also enhanced in sam ples com pacted at higher
temperatures.
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Differences in density and strength between HBI produced in Port Hedland and
Orinoco Iron are associated with the iron ore type and the presence of different
m orphologies in the rem aining iron oxides. Problems of breakage in the corners of
the HBI may be caused by uneven com paction during the rolling process.

The com position of directly reduced iron fines, together with the relatively low
tem peratures and the instantaneous character of the compaction yields to classify
the

m echanism s

com paction.

No

of consolidation
early

sintering

of

will

HBI
occur

as

a 'w arm '

com posite

powders

under these

conditions

and

the

densification and strength are related with the presence of hard and ductile
particulates. The occurrence of hard particulates is not a controllable parameter, as
the rem aining oxides are inherent to the iron ores and the presence of cem entite is
a desirable condition. The hint to obtain the desirable mechanical properties is in
the control of the com paction parameters: pressure and tem perature, together
with a sound functioning of the feed and rolling system.

The study of com paction performed elucidated some of the questions concerning
uneven m echanical properties in the HBI from FINMET® process. The response of
directly reduced iron fines during compaction is related to their characteristic
com bination of particles with different yield strengths. It is the facility that these
particles have to deform

plastically who governs the density and mechanical

resistance of the briquettes. More effort is necessary on the characterisation of DRI
in term s of their com pressibility and com position to model the behaviour of the
fines under industrial briquetting parameters.
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